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                        Abstract                        . 
 
In the current study, changes in the physics of transitional separated-reattached flow due 
to changes of a geometry nature and an increase of intensity of free stream turbulence 
have been investigated numerically using the large eddy simulation approach. Numerical 
simulations have been carried out using the Open FOAM tool box. 
Six case studies are selected and divided into two groups of the flows: a low level of 
intensity of free stream turbulence (< 0.2%) and a high level of intensity of free stream 
turbulence (3.7%). Each group involves three geometrical shapes: a two-dimensional flat 
plate, a three-dimensional geometry with an aspect ratio value of 1 and a three-
dimensional geometry with an aspect ratio value of 2. To the best of the author’s 
knowledge, the current study is the first work to explore transitional separated-reattached 
flow over three-dimensional geometries. 
In a comparison among the case studies, the separation bubble that formed on the flat 
plate is longer than that on other geometries, leading to longer temporal and spatial 
evolution of the transition. In addition, maximum values of the Reynolds stresses in the 
flat plate are larger than that in other geometries. Furthermore, all case studies show that 
the transition in the free shear layer is driven by the Kelvin-Helmholtz instability 
mechanism. 
Spectral analysis is carried out to cover all the computational domains employing both 
Fourier transform and wavelet power transform methods. In the current geometries for 
both incoming flows (with high and low levels of intensity of free stream turbulence), the 
regular shedding frequencies are in a good agreement with that reported in the literature. 
In addition, these frequencies are compatible with the Kelvin-Helmholtz instability 
conditions. Moreover, the spectral analysis indicates that the low frequency of the free 
shear layer flapping is absent. 
The evolution of coherent structures is identified by performing flow visualisation 
techniques. Different evolution processes of transformation of large-scale structures from 
Kelvin-Helmholtz rolls to hairpin structures are observed depending on the geometry 
shapes and on the level of intensity of free stream turbulence. 
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The development of the turbulent boundary layer after the reattachment is also examined. 
For all case studies used here, a dominant observation is that there is no apparent effect 
of the geometry nature on the delay in the recovery of the reattached turbulent boundary 
layer. 
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1.1 Background 
The transition from laminar flow to turbulence is an interesting physical phenomenon 
which requires a good understanding in order to control the transition. Although there is 
considerable knowledge regarding this phenomenon in the attached flow, comprehensive 
aspects of the transition in a separated shear layer remain poorly understood, and thus 
represent a considerable research challenge (Taghinia et al., 2015).  
Due to dramatic changes in the drag force, lift force and heat transfer rate in separated 
flows, study and analysis of these flows are important in many practical engineering 
applications where either the flow is internal, such as in diffusers, combustors and 
channels with sudden expansions, or it is external, such as flow around aerofoils, aircraft, 
projectiles, vehicles, and buildings. In addition, the location where transition starts and 
the spatial extent within which it takes place are of crucial interest in engineering design 
and in predicting the performance of engineering applications (Yang, 2013).   
In aerodynamic applications, a separation bubble that forms within a separated-reattached 
flow is considered parasitic because it increases drag that reduces aerodynamic efficiency 
and causes aerodynamic instability. Consequently, such an instability has been 
experimentally observed to reduce aerodynamic performance as well as result in 
potentially dangerous dynamic structural loading in aerospace structures (Schreck and 
Robinson, 2007; Bak et al., 1999). Tani (1964) reported that the separation bubble is 
undesirable and negatively affects aerofoil performance, leading to catastrophic failures 
in aerodynamic systems. 
There are two principal causes for separation of flow: the boundary layer encounters a 
sufficiently adverse pressure gradient (
𝜕𝑝
𝜕𝑥
> 0) (applied, or due to change in geometry), 
or the flow faces some particular obstacle. In the first separation case, the momentum in 
the boundary layer is not high enough to overcome the pressure gradient and both 
separation and reattachment locations can change as flow parameters vary (Alving and 
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Fernholz, 1996). In this case, the adverse pressure gradient leads to an increased thickness 
of the boundary layer by decelerating the flow. However, a favourable pressure gradient 
(
𝜕𝑝
𝜕𝑥
< 0) accelerates the flow and leads to the formation of a stable boundary layer by 
retarding the growth of this layer (Sharpe, 1994). In the second separation case, the 
separation point is fixed in the space where obstacles may be flat plates, humps, forward-
/backward-facing steps and other forms of localised surface curvature variations.  
A separated boundary layer may or may not reattach to a solid surface, leading to the 
generation of a large recirculation zone. In the former case, a separated-reattached flow 
will be formed and characterised by an interaction between the separated shear layer and 
the nearby solid surface. In the latter case, the flow is characterised by an interaction 
between two shear layers, which are emanated from separation lines and usually 
developed to a fully turbulent flow after the transition region (Versteeg and Malalasekera, 
2007). 
There are three types of separated-reattached flows which can be generated depending on 
the flow nature at the points of separation and reattachment:  
 Turbulent separated-reattached flow: the separated and reattached flows are 
turbulent. 
 Laminar separated-reattached flow: the separated and reattached flows are 
laminar. 
 Transitional separated-reattached flow: the separated flow is laminar, and the 
reattached flow is turbulent. In this flow, the separated shear layer will usually 
undergo a rapid transition to turbulence.  
Generally, a laminar boundary layer is more likely to be separated than a turbulent 
boundary layer because in turbulent flow, faster outer particles energize the slower 
particles near the surface due to an extensive mixing process (Sharpe, 1994). However, 
in transitional separation, laminar separated flow is characterised as it usually involves 
unsteadiness due to its instability, even at relatively low Reynolds numbers. Hence, the 
flow is likely to undergo a transition to turbulence (Sharpe, 1994). 
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Kiya et al. (1993) reported that various attempts have been carried out to reduce or 
eliminate the separation bubble, such as deformation of the separation edge, the use of an 
elevated level of free-stream turbulence intensity, sound waves, oscillation of the 
separation edge and forcing the shear layer to be near the edge via an oscillating jet, in 
addition, the sinusoidal disturbances method which was proposed by Kiya et al. (1993). 
However, in the literature it seems that employing an elevated intensity of free stream 
turbulence is more appropriate for controlling the separation bubble. 
Horton (1967) presented a description of the structure of a time-averaged separation 
bubble for an aerofoil, as shown in Fig. 1-1 (Lin and Pauley, 1996). It can be seen that 
the fluid, which is close to the wall and downstream of the separation point, is virtually 
stationary and this region is called the dead air region. The separated shear layer, which 
is highly unstable, undergoes a transition to turbulence and reattaches behind a vortical 
structure known as the reverse flow vortex. 
 
Fig. 1-1. Phenomenological features of a laminar separation bubble, as presented in Lin and Pauley 
(1996) 
 
Jahanmiri (2011) stated that transitional separated-reattached flow can be divided into 
two main regions. The first region is bounded by the mean dividing streamline and the 
solid surface called the separation bubble. The mean dividing streamline is the line that 
passes through the zero value points in successive velocity profiles, whilst the separation 
bubble is represented by a recirculation flow. Immediately after the separation, there is a 
dead air region followed by a strong recirculation zone. The second region of the flow is 
a free shear layer between the free stream and the mean dividing streamline. Due to flow 
instability, the laminar separated layer undergoes a transition at the location of 
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unsteadiness. After the transition, the turbulent separated layer reattaches to the solid 
surface because of the effects of momentum transfer of a high turbulent mixing that 
eliminates the reverse flow near the wall. After the reattachment, the development of a 
turbulent boundary layer takes place. 
Generally, the transition to turbulence is not a sudden event. It takes place gradually, 
although it may be fairly rapid (Sharpe, 1994). There are many methods to enhance the 
transition to turbulence such as an increase of turbulence intensity in the free stream, an 
increase of roughness of the solid surface and high adverse pressure gradients, all of 
which advance the transition (Sharpe, 1994). 
Mayle (1991) considered that transitional separation is very complicated, and the 
identification of a precise transition location is very important. He reported that the 
transition can be divided into three modes as follows: 
 Natural or Classical transition: This mode occurs within an attached laminar 
boundary layer that starts with a weak instability and increases to a fully turbulent 
flow through sequential stages such as flow over a flat plate. In this mode, the 
level of free-stream turbulence intensity is less than 1%. 
 Bypassed transition: This mode occurs when the transition takes place earlier due 
to the effect of an external flow, such as a high intensity of free stream turbulence 
on the laminar boundary layer. This external flow will provide a high level of 
disturbance which leads to the first stages of the natural transition being bypassed 
and a reduction in the associated interval. So here, the transition to turbulence 
takes place quickly. 
 Separated-flow transition: This mode occurs within a laminar free shear layer 
through sequential stages, which leads to a turbulent free shear layer, such as a 
transitional separated boundary layer, mixing layers, jet flow and wakes. This 
mode of transition can be as a natural or bypassed transition. 
The Natural or Classical transition mode of attached flow starts as linear oscillations 
which are developed in a laminar boundary layer due to presence of very low freestream 
turbulence intensity (< 1%). These oscillations are two-dimensional and called Tollmien-
Schlichting (TS) waves. An increase in the disturbance amplitude of TS waves leads to a 
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distortion of their spanwise similarity. Distorted TS waves develop into three-
dimensional structures. Vortical structures burst into turbulent spots leading to the 
boundary layer alternating between laminar and turbulent states. Eventually, the turbulent 
spots that originate from different locations merge to form a fully developed turbulent 
boundary layer (Versteeg and Malalasekera, 2007). 
In process of bypassed transition mode, influence of the freestream disturbances leads to 
produce turbulent spots directly bypassing linear instability stages of the boundary layer 
(Blair, 1992). No formation of Tollmien-Schlichting waves in this case of the flow. 
There are three modes of the Separated-flow transition classified in Hatman and Wang 
(1999) as follows: 
 Transitional separation: In this mode, the transition onset takes place prior to the 
boundary layer separation point and the transition development is essentially 
similar to the natural transition in attached boundary layers. This mode occurs if 
the boundary layer separates at relatively high Reynolds numbers and with low 
adverse pressure gradients.  
 Laminar separation / short bubble: In this mode, the transition occurs downstream 
from the separation point by inflexional instability. This mode is characterized by 
a quick transition due to the complex interaction between the separated shear layer 
and the reverse flow vortex, and it is also characterized by distinctive vortex 
shedding. This mode is induced if the separation of the laminar boundary layer 
occurs at moderate Reynolds numbers and with mild adverse pressure gradients. 
 Laminar separation / long bubble: In this mode the transition onset takes place 
downstream of the separation point through inflexional instability. This mode is 
characterised by a delayed completion of the transition and it is no longer 
accompanied by vortex shedding. This mode occurs when the laminar boundary 
layer separation occurs at low Reynolds numbers due to strong adverse pressure 
gradients. In this mode, the shear layer may fail to reattach. 
In transitional separated-reattached flow induced due to flow around obstacles, as in the 
current study, a separation bubble is formed when a laminar flow with a relatively low 
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Reynolds number separates to form a laminar free shear layer. The separated laminar 
layer becomes unstable and tends to undergo the transition to turbulence. The turbulent 
separated layer reattaches to the solid surface. After the reattachment, a rapid 
development of a turbulent boundary layer occurs, and thus, fundamental aspects of 
transitional separated-reattached flow can be summarized as a primary instability 
mechanism of the laminar free shear layer that leads to the onset of the transition, different 
shedding frequency modes, formation of large scale structures and their development that 
is associated with a secondary instability mechanism of the transition and the 
development of a turbulent boundary layer after the reattachment (Manneville, 1990). In 
this type of separated-reattached flows, the separation bubble is susceptible to instability 
due to its sensitivity to small fluctuations in the upstream flow (Bak et al., 1999; Rist and 
Augustin, 2006). 
Yang (2013) reported that accurate modelling of this flow is limited both experimentally 
and theoretically. In experimental studies, measurement techniques provide limited 
temporal and spatial resolution of flow parameters, and hence there is no inclusive 
description of the transition process within these studies. He also stated that theoretical 
studies suffer from the limitation imposed by the nonlinearity of the transition process at 
later stages. In addition, instability mechanisms of transitional separated flows, especially 
for the secondary instability mechanism, are still far from being fully understood.  
1.2 Turbulent flow and its simulation methods 
Turbulent flow is a random fluctuating motion of the fluid when its flow velocity 
increases suddenly. Turbulent flow can be described by solving flow equations, the so-
called Navier-Stokes equations (NSE), numerically using Computational Fluid Dynamics 
(CFD) techniques. There are many non-dimensional quantities used to parameterize the 
turbulence, and the Reynolds number (Re) is the most often, which is the ratio of inertial 
forces to viscous forces and is equal to 
                                                          𝑅𝑒 =
𝑈𝐿
𝜐
                                                               (1-1) 
where L is the characteristic length of the flow domain. 
Chapter one                                                                                                                                                Introduction 
7 
 
Viscous forces dominate at low Reynolds number and they damp disturbances rapidly 
where the flow is considered to be laminar. When Reynolds number increases, the effect 
of viscous forces decays and disturbances grow, leading to fully turbulent flow.  
Turbulent flow is characterised as three-dimensional, unsteady, non-linear, random, and 
diffusive in nature. 
Diffusiveness of the turbulence leads to increased rates of mass, momentum, and heat 
transfer and enhances the mixing of flow properties. The disadvantage of diffusiveness 
of the turbulence is the creation of boundary layers and shear layers that are much thicker 
than that of the laminar flow.  
Turbulence involves a wide range of length and time scales. To understand these scales, 
the basic entities of turbulent flow should be identified. These entities are lumps of 
rotating fluid called eddies. The sizes of these eddies are different, and the variation of 
such falls within a wide range. However, the length scale of the largest eddy is equal to 
the system length scale, whilst the length scale of the smallest eddy is equal to 
Kolmogorov scale. 
Large eddies extract kinetic energy from the mean flow due to its instability in the energy 
production region of the turbulence spectrum. The kinetic energy cascades through 
different-sized eddies until it is moped up by the smallest eddies due to viscous dissipation 
leading to the conversion of the kinetic energy into heat. The kinetic energy cannot be 
moped up by viscous dissipation at the large eddies because the inertial forces are 
dominant in this situation and the effect of viscous forces is thus neglected. 
 
Fig. 1-2. Turbulent energy spectrum related to wave number (Nichols) 
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Fig. 1-2 shows the turbulent energy spectrum related to wave number. It is shown that 
most of the kinetic energy is contained in large turbulent eddies (low wave numbers), 
which is then transferred in a cascading process by the inertial range to the scales of the 
dissipation range, where the energy is eventually dissipated (Nichols).  
1.2.1 Turbulence length and time scales 
The maximum and minimum length and time scales of the eddies of the turbulent flow 
are defined in terms of the turbulent kinetic energy (k), turbulent dissipation (ε), and the 
kinematic viscosity (υ). The length scale (L) and the time scale (T) of the largest eddies 
(turbulence-producing eddies) and the length scale (λ) and the time scale (τ) of the 
smallest scale eddies (Kolmogorov scale), or dissipative eddies, are characterized, 
respectively, as follows (Nichols) 
                                                                𝐿 =
𝑘
3
2
𝜀
                                                                    (1-2) 
                                                                       𝑇 =
𝑘
𝜀
                                                                      (1-3) 
                                                                     𝜆 = (
𝜐3
𝜀
)
1
4
                                                                 (1-4) 
                                                                       𝜏 = (
𝜐
𝜀
)
1
2
                                                                 (1-5) 
Ratios of length and time scales of the smallest eddy to the largest eddy are characterized 
by the turbulent Reynolds number (Ret) as 
                                                                    
𝜆
𝐿
= (𝑅𝑒𝑡)
− 
3
4                                                           (1-6) 
                                                                    
𝜏
𝑇
= (𝑅𝑒𝑡)
− 
1
2                                                              (1-7) 
where 
                                                                 𝑅𝑒𝑡 =
𝑘2
𝜐𝜀
                                                                (1-8) 
 
1.2.2 Turbulence simulation approaches 
As mentioned above, CFD is used to predict flow characteristics, saving the time and the 
cost of conducting the analogous experiments. The unsteady three-dimensional Navier-
Stokes equations (NSE) are used to simulate and describe numerically the turbulent flow. 
There are three basic approaches for the numerical simulation of turbulence: Direct 
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Numerical Simulation (DNS), Reynolds-Averaged Navier-Stokes (RANS) and Large 
Eddy Simulation (LES).   
The highest accuracy approach is DNS, which resolves all scales with no modelling of 
the flow. DNS is employing a simulation mesh which has a cell space that is smaller than 
the Kolmogorov scale to capture all turbulent kinetic energy which cascades from the 
largest scale eddies to the smallest scale eddies. As shown in equation (1-6), the range of 
turbulent length scales may span orders of magnitude for high Reynolds number flows. 
Since these turbulent length scales are much smaller than the physical scales (i.e. wing 
chord, channel height) associated with a flow of interest, it is easy to see that large 
amounts of mesh points would be required to fully simulate a high Reynolds number 
turbulent flow. Therefore, computational time is increased and the required computational 
resources are high. This is considered to be one of the principal drawbacks of using DNS. 
In general, this approach is impractical for complex geometries with high Reynolds 
number flows. 
The RANS approach involves modelling and solving for time-averaged quantities of the 
flow, which drastically reduces the computational time. In this approach, the flow is 
decomposed into two parts: the mean part and the fluctuating part. The mean part is a 
function of space only, whilst the fluctuating part is a function of space and time. A time-
averaging process used to remove the necessity to simulate all turbulent scales by using 
one length scale to characterize all turbulent spectra. In RANS, the unsteadiness is 
assumed to be at scales that are below the computational mesh size and the flow is treated 
as a steady flow. Thus, RANS equations are time-averaged Navier-Stokes equations.  
A large number of RANS models have been presented and applied for different problems. 
However, due to the low accuracy of this approach – since it only predicts the time-or 
ensemble averaged flow field – employing it to gain any meaningful prediction of the 
physics of complex flows, such as the transition in transitional separated-reattached flow, 
is extremely hard, if not impossible (Yang, 2012; 2015).  
LES is based on the idea of scale separation or filtering with a mathematically well-
established formalism. The separation process is carried out using a spatial filter for the 
turbulence spectrum. Thus, LES equations are space-filtered Navier-Stokes equations. 
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The strategy underlying LES is one of resolving the flow of large structures and modelling 
the effects of the flow of small structures on the large structures. In this way, the spatial 
filtering of LES is employed to separate the resolved large scales from the unresolved 
small scales. More details about LES are presented in Chapter 3. 
LES is able to simulate transitional / turbulent flow aspects better than RANS, but requires 
a very high space and time resolutions especially for modelling close to walls which 
consequently requires long computational times and considerable computational 
resources (Yang, 2015). In order to provide a very accurate solution, it needs to create a 
very fine mesh to reduce the number of modelled scales. Therefore, LES approaches DNS 
in terms of modelling and computational resources. Fig. 1-3 shows region of the turbulent 
energy spectrum modelled by different turbulence model approaches. 
 
Fig. 1-3. Region of the turbulent energy spectrum modelled by different turbulence model approaches. 
(Nichols) 
 
1.3 Open FOAM framework 
Recently, Open FOAM (Open Source Field Operation and Manipulation) has become 
widely used in academic research and industrial engineering (Lysenko et al., 2013). Open 
FOAM (hereafter OF) is, foremost, a set of C++ libraries. It is designed to solve and 
create executable applications. OF is completely free and employs a finite volume 
formulation. OF includes two main groups: solvers and utilities, which can potentially 
cover a wide range of problems. Solvers are designed to solve specific problems in 
continuum mechanics and the utilities to perform tasks that involve data manipulation. 
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OF involves many standard fields such as incompressible flow, compressible flow, 
combustion, solid-body stress analysis, etc. Each field includes several solvers that deal 
with different features of specific problems. As an example, Table 1-1 describes some of 
the available incompressible flow solvers. 
solver discretion 
icoFoam transient, incompressible, and laminar flow solver for Newtonian fluids 
pimpleFoam transient, incompressible flow, and large time-step solver using the PIMPLE 
(merged PISO-SIMPLE) algorithm 
pisoFoam transient, and incompressible flow solver 
simpleFoam steady-state, incompressible, and turbulent flow solver 
 
Table 1-1 Description of some of incompressible flow solvers as detailed in the OF user guide 
 
To create and solve any problem by OF, three main directories must be generated. These 
directories are 0, constant, and system. Each directory involves numerous files in order 
to prepare the mesh, initial conditions, boundary conditions, and numerical schemes that 
will be used to solve the problem. The 0 directory is to identify initial conditions for the 
problem variables such as velocity, pressure, etc. The constant directory is to create the 
numerical simulation mesh, identify boundary conditions, and choose the turbulence 
simulation approach and its modelling method. The system directory is to select 
simulation runtime, time step, properties of parallel computing and the numerical scheme 
and solving methods. OF directories and their files are shown in Fig. 1-4. 
For more details about available turbulence models, solvers, numerical schemes, and the 
utilities available through OF, the reader is referred to Robertson et al. (2015), Jasak et 
al. (2007) and also the OF user and programmer guides. 
In many numerical simulation studies, OF has been used to simulate different problems. 
In addition, many studies present comparisons between the results of OF and ANSYS 
FLUENT (hereafter AF). Balogh et al. (2012) and Lopez et al. (2015) employed these 
two commercial CFD codes to simulate different problems. They observed minor 
differences between the results of these two codes. However, they concluded that OF is 
sufficiently accurate to simulate complicated applications. 
Lysenko et al. (2013) showed that OF is more effective than AF because there are no 
limitations to parallel computing and no black boxes in OF. In addition, there are no 
limitations for detailed-chemistry modelling in OF compared with AF with regards to 
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combustion applications. Lysenko et al. (2013) reported that there is an extensive list of 
numerical schemes and mathematical models provided by OF, making this technology 
perfect to simulate a wide range of fluid dynamics problems. Lysenko et al. (2013) 
recommended that the researchers should present more studies employing OF to further 
validate this technology. Robertson et al. (2015) validated OF by comparing its simulated 
data with the experimental results of a turbulent flow passing several types of shapes. 
Reynolds-Averaged Navier-Stokes (RANS) and a hybrid RANS/LES method were used 
as numerical simulation methods. In this study, excellent agreement between simulated 
data and experimental results were reported. Robertson et al. (2015) concluded that OF 
can be considered as a reliable solver for different applications.  
Because of the high accuracy and reliability of OF, as demonstrated extensively in the 
literature, this code has been selected for use in the present study. It is worth noting that, 
to the best of the author’s knowledge, there are no studies that have investigated 
transitional separated-reattached flow using OF. So, the current study may represent the 
first work to attempt to validate OF and presents its ability to simulate this type of flow. 
1.4 Motivation 
The phenomenon of transition flow from laminar to turbulence is common and important 
feature in many practical engineering applications. Motivation of study this phenomenon 
is to understand the transition process and to apply the knowledge of this study in order 
to reduce, accurately predict, and control the transition. Study and analyses of transitional 
separated-reattached flows are particularly useful and important for flows on many 
environmental and industrial applications. The industrial applications involve a wide 
range of appliances from sheets of cooling fins of small electronic devices to 
turbomachines blades and airfoils, where the transition plays a significant role in heat 
transfer and aerodynamics characteristics of these appliances.  
The engineering significance of the results of the present work is to shed a light on physics 
of such flow on two groups of engineering applications, which are two-dimensional 
geometries and three-dimensional geometries. 
The two-dimensional geometry that is chosen in the current study is a blunt flat plate in 
order to have good knowledge and understanding of the flow physics of the separation 
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bubble that forms on many practical applications such as wind turbines rotor blades, 
blades of low-pressure turbines, wings of airplanes and small unmanned aerial vehicles, 
blades of jet engines and fans, inboard section of helicopter rotors, and other engineering 
applications that include a flow over a flat plate. 
Two three-dimensional geometry models, characterised with different aspect ratios, are 
used in the current study. The purpose of using these geometries is to understand physics 
of the transitional separated-reattached flow over them. It is believed that the current 
study is the first work that presents aspects of such flow on a three-dimensional geometry.  
Simulated results of the flow over the three-dimensional geometry offer knowledge about 
transitional separated-reattached flows that occur in many engineering applications such 
as wind loads on structures, river flows, humps and other forms of localized obstacles, 
spread of pollutants in the vicinity of buildings, aerodynamics of aircrafts and road 
vehicles (cars, trucks and trains), different parts in instruments of meteorology, and wind 
energy applications. 
It is worth pointing out that the separated-reattached flows over three-dimensional 
geometries are quite complicated when compared with flows over two-dimensional 
geometries, such as a flat plate. The complication is a result of additional two separation 
bubbles that form on the side surfaces of the three-dimensional geometry and the relations 
between these separation bubbles and other separation bubbles that form on the top and 
bottom surfaces of this geometry. This issue will be revealed for the first time in the 
current study. Another goal of the current study is to understand effect of the aspect ratio 
of the three-dimensional geometry on characteristics of the transitional separated-
reattached flows.  
1.5 Organization of the thesis 
Chapter one: Background to transitional separated-reattached flow, turbulente flow, and 
Open FOAM are presented. 
Chapter two: Literature review of transitional separated-reattached flows; the objectives 
of the research are also presented.  
Chapter three: Governing equations, methodology, and numerical computation are 
discussed in detail. 
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Chapter four: Open FOAM code validation and the flow variables, with and without 
elevated intensity of free stream turbulence, are presented. 
Chapter five: Primary instability mechanism, with and without elevated intensity of free 
stream turbulence, is discussed. 
Chapter six: Spectral analyses, with and without elevated intensity of free stream 
turbulence, are presented. 
Chapter seven: Coherent structure development, with and without elevated intensity of 
free stream turbulence, are exhibited. 
Chapter eight: Reattached turbulent boundary layer development, with and without 
elevated intensity of free stream turbulence, is discussed. 
Chapter nine: Conclusions from the current study and scope for future work are 
described. 
 
Fig. 1-4. Directory structure of a turbulent flow case simulated using LES and run in parallel using OF 
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Chapter Two 
              Literature Review 
 
2.1 Aspects of transitional separated-reattached flow 
It has been recognised that transitional separated-reattached flow is characterised by four 
important features:  
• Primary instability mechanism that causes the separated laminar layer to be 
unstable, leading to the start of a transition. 
• Characteristic (regular) vortex shedding frequency. 
• Large-scale structures (coherent structures) development, which is the change of 
vortices shapes from being two-dimensional to three-dimensional in nature. This 
phenomenon is associated with a secondary instability mechanism. 
• Breakdown of three-dimensional structures to turbulent structures and 
development of the reattached turbulent boundary layer. 
The following literature review sheds light on the above features of transitional separated-
reattached flows.  
2.2 Instability mechanisms 
It has been documented in many studies that the separated shear layer, which is formed 
due to flow separation, is mostly inviscidly unstable and the transition is driven by the 
inviscid Kilven-Helmholtz instability mechanism. The amplification of this invicid 
instability is larger than that in the case of viscous instabilities (Tollmien-Schlichting 
waves). This is presented for mixing layer and jet studies conducted by Ho and Huerre 
(1984), Rogers and Moser (1993), Danaila et al. (1997) and Urbain and Metais (1997).  
The Kilven-Helmholtz instability mechanism for the separated shear layer has also been 
reported by Abdalla and Yang (2004a) for a blunt flat plate, by Yang and Voke (2001) 
for a flat plate with a semi-circular leading edge, by Neto et al. (1993) for a backward-
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facing step and Abdalla et al. (2009) for a surface-mounted obstacle and forward-facing 
step.  
The findings of these studies are consistent with the theoretical and experimental results 
of Dovgal et al. (1994), who argued that since an inflection point exists in local velocity 
profiles, such profiles are inviscidly unstable; hence, it is understood that the transition 
onset in the free shear layer is due to action of the Kilven-Helmholtz instability. However, 
knowledge about the other aspects of the transition, including breakdown to turbulence, 
coherent structure development and unsteady behaviour of the flow around the mean 
reattachment line, is still not fully understood. 
Free shear layer instability can be characterised as convective or absolute. Convective 
instability is characterised by disturbances of the flow that develop in space and move 
away from the source. However, if these disturbances develop in time and spread 
everywhere, the flow is absolutely unstable. Absolute instability is characterised by a 
strong reverse flow in the separation bubble (Niew, 1993).  
For backward-facing step flows, Niew (1993) suggested that the absolute instability 
occurs with a reverse flow intensity of more than 20%. Hammond and Redekopp (1998) 
reported that absolute instability exists if the strength of the reverse flow within the 
separation bubble approaches (roughly) 30% of the ambient stream speed.  
Huerre and Monkewitz (1985) attributed the spatial growth of waves to be a consequence 
of presence of the convective instability in free shear layers for a mixing layer from a 
theoretical standpoint. Jones et al. (2008) employed classical linear stability analysis for 
time-averaged flow fields based on a separation bubble formed on a NACA-0012 aerofoil 
at 50 incidence. It was concluded that the separation bubble is connectively unstable 
without any region of absolute instability. A similar conclusion was reached by Yang and 
Voke (2001) for a transitional separation on a flat plate with a semi-circular leading edge. 
In this study, there was less than 3% maximum reverse flow in the separation bubble. 
Therefore, there was no evidence of the absolute instability. So, the separation bubble 
was connectively unstable. 
Alam and Sandham (2000) carried out a numerical simulation for a transitional separated-
reattached flow induced by an adverse pressure gradient on a flat plate. They clarified the 
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fact that the separated shear layer is absolutely unstable when the maximum negative 
value of the local velocity profile is within a range between 15% and 20%. This range 
depends on the values of the Reynolds numbers. Alam and Sandham (2000) showed that 
with high Reynolds number, the absolute instability initiates when reverse flow intensity 
is as low as 15%. They concluded that the inviscid instability of the separated shear layer 
can be dominated by the viscous Tollmien-Schlichting instability when the reverse flow 
intensity is about 15% - 20%, i.e., if the absolute instability is present. Furthermore, Alam 
and Sandham (2000) identified that the transition in the separated shear layer is started 
by an oblique mode and the instability was convective in nature due to the low rate of the 
reverse flow, which was less than 8% of the local free stream velocity.  
For such flow, Spalart and Strelets (2000) found that the Kilven-Helmholtz instability 
was the primary instability mechanism in the separated shear layer. They noted that 
absence of the absolute instability is due to an insufficient rate of reverse flow, which is 
necessary to enhance the absolute instability. McAuliffe and Yaras (2008) also found that 
Kilven-Helmholtz rolls formed in the separated shear layer in the first half of the 
separation bubble. The authors observed that growth of a linear Tollmien-Schlichting 
instability after the separation led to the roll-up of spanwise vorticity into discrete vortical 
structures. They noted that the transition sheared features from both viscous and inviscid 
instability mechanisms because the instability growth in their study was similar to Kelvin-
Helmholtz instability growth. 
Roberts and Yaras (2006) and McAuliffe and Yaras (2008) concluded that frequency of 
instability due to the Kelvin-Helmholtz mode in the separated layer was close to the 
frequency of the Tollmien-Schlichting instability mode in the attached layer before the 
separation point. Marxen et al. (2003; 2004) reported that the transition was driven by 
convective amplification of two-dimensional Tollmien-Schlichting waves, and the 
absolute instability was the second instability mechanism. 
Brinkerhoff and Yaras (2011; 2013) observed an interaction between inviscid and viscous 
instability mechanisms in the separated layer. The dominant instability in the separated 
layer is inviscid Kelvin-Helmholtz instability. The authors stated that streamwise-
oriented vortices, as formed by the Tollmien-Schlichting instability mode in the attached 
boundary layer before the separation, moved inside the separation bubble. These vortices 
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amplified in the separated shear layer and produced hairpin-like structures in the transient 
region, where there was a strong interaction between these vortices and the inviscid 
Kelvin-Helmholtz instability.  
McAuliffe and Yaras (2009), Yaras (2012), Dahnert et al. (2012) and Ducoin et al. (2016) 
noticed that the Kilven-Helmholtz instability was the dominant primary instability 
mechanism of the transition. Roberts and Yaras (2006) noted that there was an interaction 
between the Kilven-Helmholtz and the Tollmien-Schlichting modes in the transition of 
the separation bubble. They observed that the formation of vortical structures by shear 
layer roll-up in the inner part of flow was dominated by the Tollmien-Schlichting 
frequency and the transition was driven by a Kilven-Helmholtz instability.  
Lang et al. (2004) reported that the viscous Tollmien-Schlichting instability mechanism 
may have a considerable effect on the transition in the separated-reattached flow. Gungora 
and Simens (2015) found that a viscous Tollmien-Schlichting instability was a dominant 
primary instability mechanism for separation under the effect of an adverse pressure 
gradient. The inviscid Kelvin-Helmholtz instability is the primary instability mechanism 
in the separated shear layer with a strong adverse pressure gradient, which can be seen in 
Serna and Lazaro (2015a; 2015b) and Hosseinverdi and Fasel (2015). 
In the early stages of the transition in the separation bubble, the onset of spanwise 
structures (primary structures) is associated with a primary instability mechanism. These 
structures, which are two-dimensional across the spanwise direction, are broken down 
into smaller scale streamwise structures (secondary structures) leading to spanwise 
deformation of the vortex. This process is associated with a secondary instability 
mechanism (Yang and Voke, 2001; Abdalla and Yang, 2004a; Jones et al., 2008; Marxen 
et al., 2013; Kurelek et al., 2016). 
In a mixing layer, it has been found that the vortex pairing process is a governing 
secondary instability mechanism which involves a merging of spanwise vortices by the 
roll-up of two such vortices around each other to form a large single vortex (Huang and 
Ho, 1990). In the plain free shear layers, Lasheras and Choi (1988) observed a perturbed 
vorticity was formed as a braid between two Kelvin-Helmholtz rolls. This vorticity 
stretched in the axial direction, leading to the formation of three-dimensional streamwise 
structures. Jones et al. (2008) performed a numerical simulation for a flow over an 
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aerofoil. They found that after the shedding of two-dimensional spanwise vortices, three-
dimensional streamwise vortices are formed within the braid region along the successive 
spanwise vortices. 
Although the flow visualization for a separation bubble on a blunt flat plate in Yang and 
Abdalla (2008) did not capture the merging of two separated Kelvin-Helmholtz rolls in a 
pairing process to form a double helix structure, the characteristics of origin and new 
coherent structures gave evidence of the occurrence of a helical-pairing instability. The 
authors proposed that the pairing process might take place on a very short timescale. Yang 
and Abdalla (2008) indicated that the Kelvin-Helmholtz rolls themselves evolve into 
three-dimensional hairpin and rib-like structures around the reattachment zone and in 
reattached turbulent boundary layer. The authors concluded based on their numerical 
simulation that transformation from two-dimensional to three-dimensional coherent 
structures was most likely due to the helical instability, which is associated with the 
helical pairing of vortices that was considered to be a secondary instability mechanism of 
the transition. Yang and Abdalla (2008) stated that the helical pairing instability 
mechanism was similar to that presented by Delcayre (1997) for a backward-facing step. 
Yang and Abdalla (2008) showed that the hairpin vortices became part of the core of the 
spanwise vortices, which were formed from the pairing instability, and this instability 
distorted Kelvin-Helmholtz rolls to form three-dimensional coherent vortices. 
A helical-pairing instability was reported by Comte et al. (1992) to be a secondary 
instability mechanism that transformed two-dimensional Kelvin-Helmholtz rolls to three-
dimensional coherent structures in mixing layers. The vortex pairing phenomenon was 
observed in mixing layers by Winant and Browand (1974). Chandrsuda et al. (1978) 
documented that the helical pairing was the process of localized pairing of vortices by 
them winding up around each other to form a quasi-spanwise double helix vortex 
structure. Merging of spanwise rolls within the transitional separated flow was reported 
in Hwang et al. (2000) and Marxen et al. (2013) for a blunt flat plate, and by Burgmann 
et al. (2006) for the suction side of an aerofoil SD7003. 
Yang and Voke (2001) found that large structures, which were formed from a pairing of 
two spanwise vortices, were subjected to an undulation process associated with a 
secondary instability mechanism that led to the formation of spanwise peak-valley 
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structures. These structures developed into hairpin structures around the reattachment 
region. 
Recently, Kurelek et al. (2016) and Kirk and Yarusevych (2017) experimentally 
investigated vorticity development in the later stages of the transition in a separation 
bubble formed on a NACA 0018 aerofoil. They showed that rolled-up vortices, which 
were strongly coherent in the spanwise direction, underwent significant and rapid 
deformations leading to their breakdown into smaller-scale structures; occasional vortex 
merging was also observed in this study. Rapid breakdown of spanwise structures into 
smaller-scale structures prior to reattachment was also reported in Alam and Sandham 
(2000) and Spalart and Strelets (2000). 
Spanwise undulations of spanwise rolls that shed from the separated layer were observed 
by Kurelek et al. (2017) for a transitional separated flow on a NACA 0018 aerofoil. 
Spanwise undulations were developed in the vortex filaments, forming hairpin-like 
structures. Formation of these streamwise structures involved two stages: the first stage 
was re-orientation of spanwise vorticity into the streamwise direction; the second one was 
by a lifting-up action that reoriented the vorticity into the wall-normal direction. Then, 
the hairpin-like structures broke down into turbulent structures.  
Recently, Lambert and Yarusevych (2017) observed that after the free shear layer roll-up 
region, a non-periodic merging of two or more consecutive vortices occurred. The authors 
hypothesized the merging process to be produced by a perturbation in the shedding cycle, 
leading to a critical change in vortex spacing and / or strength. Then, it was observed that 
two adjacent vortices rounded on each other, where the leading vortex moved toward the 
wall and the trailing vortex moved away from the wall, forming a new structure that 
moved downstream and broke down into turbulent structures. 
It is clearly shown in the literature that the transition stages in the first half of the 
separation bubble include receptivity and linear and weakly non–linear instability 
amplification. These stages can be accurately predicted for many receptivity mechanisms 
or instabilities. The principal challenge is to accurately predict the non-linear 
intermittency transition region that takes place in the second half of the separation bubble. 
This will be key for the designers due to the maximum skin friction that occurs in this 
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region. In addition, this region involves the presence of a large number of scales that will 
need to be resolved. However, Marxen et al. (2013) reported that the formation and 
evolution of coherent structures in the separation bubble are far from being completely 
understood. In other words, the physical nature of secondary instability mechanisms for 
the transitional separated-reattached flow is unclear, and several scenarios related to the 
phenomenon remained to be explored (Robinet, 2013).  
It is worth pointing out that the above studies, which identified primary and secondary 
instability mechanisms of transitional separated-reattached flow, were carried out without 
an elevated level of intensity of free stream turbulence. There are relatively few studies 
available in the literature that have investigated the effects of high levels of disturbances 
in the incoming flow on its resultant characteristics. It has been shown that there are 
dramatic influences due to high levels of intensity of free stream turbulence on the 
properties of this flow which may lead to the bypassed transition, which was successfully 
simulated using LES for an attached flow by Voke and Yang (1995).  
Bearman and Morel (1983) reviewed the effect of high levels of intensity of free stream 
turbulence on the mean separated flow. They defined free stream turbulence as the 
background level of random and three-dimensional velocity fluctuations in the flow. Free 
stream turbulence is present in the natural wind and it is generated by different methods. 
For example, free stream turbulence exists in road vehicles encountering the turbulence 
generated by the natural effects of wind and also by flows over other vehicles. High levels 
of intensity of free stream turbulence can be found in the incoming flow to blades rows 
in turbomachines. Buildings may be subject to turbulence from many sources. Bearman 
and Morel (1983) reported that additional high intensity of free stream turbulence 
accelerates the transition to turbulence and enhances mixing and entrainment of the flow. 
Yang and Abdalla (2008) documented that the primary instability mechanism of the 
transition is still the Kelvin-Helmholtz instability mechanism, even at a 2% intensity of 
free stream turbulence. In their study, the two-dimensional Kelvin-Helmholtz rolls are 
present in the early stages of the separated shear layer. It should be noted that this study 
was carried out for transitional separated-reattached flow induced by a blunt flat plate 
with a Reynolds number of 6.5 × 103, as based on the plate thickness and inlet velocity. 
The authors postulated that the increase in the randomness in the incoming flow, which 
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is a consequence of an elevated intensity of free stream turbulence, leads to a different 
secondary instability mechanism forming. A complementary study was presented in 
Abdalla and Yang (2004a) for a similar geometry and Reynolds number, but without free 
stream turbulence. Yang and Abdalla (2008) recommended that further investigations are 
needed. 
For a similar geometry and Reynolds number, Yang and Abdalla (2009) investigated the 
influence of a 2% intensity of free stream turbulence on characteristic shedding 
frequency. They reported that the value of this frequency is close to that of the 
characteristic shedding frequency observed in a case without free stream turbulence. 
Yang and Abdalla (2009) concluded that the primary instability in the free shear layer is 
still the Kelvin-Helmholtz instability, even with a 2% intensity of free stream turbulence. 
Hosseinverdi and Fasel (2015), in their DNS study, investigated the effects of four levels 
of intensity of free stream turbulence (0.1, 0.5, 1, and 2%) on the instability mechanism 
of transition in transitional separated-reattached flow generated on a flat plat due to effects 
of an adverse pressure gradient. The authors documented that there are different 
instability modes in the free share layer depending on levels of intensity of free stream 
turbulence. At 0.1%, the transition starts via the Kelvin-Helmholtz instability. When the 
intensity of free stream turbulence increases to 0.5% and 1%, the transition is accelerated, 
and the Kelvin-Helmholtz instability and the Klebanoff mode (K-mode) instability blend 
together, simultaneously contributing to the transition process. For the highest intensity 
of free stream turbulence (2%), the dominant transition mechanism is the K-mode. 
Hosseinverdi and Fasel (2015) reported that the Klebanoff mode is characterized by low 
frequency, three-dimensional perturbations.  
McAuliffe and Yaras (2010) studied the effects of elevated-disturbance environments on 
the instability mechanism for the transition of a separated laminar boundary layer formed 
by an adverse pressure gradient. In this study, a 1.45% intensity of free stream turbulence 
led to the transition being bypassed. The authors showed that for a similar flow, but with 
a lower intensity of free stream turbulence (0.1%), the transition was driven by the 
Kelvin-Helmholtz instability. McAuliffe and Yaras (2010) reported that with a high 
intensity of free stream turbulence, streamwise streaks are formed in the laminar boundary 
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layer. These streamwise streaks produce turbulent spots in the separated shear layer. The 
turbulent spots grow, merge and shed to the reattached turbulent boundary layer. 
The findings of McAuliffe and Yaras (2010) are comparable with the results of an 
experiment carried out by Coull and Hodson (2011). In this experimental work, Klebanoff 
streaks were observed to form in the laminar boundary layer due to an elevated intensity 
of free stream turbulence. When these streaks arrived at the separation region, the 
transition was induced more rapidly and the separated shear layer becomes three-
dimensional. Kelvin-Helmholtz structures, which were observed in instances of no free 
stream turbulence, become shorter in the spanwise direction and more distorted due to an 
interaction with Klebanoff streaks in the case of a high level of intensity of free stream 
turbulence. 
A bypassed transition was also reported by Langari and Yang (2013), who studied 
transitional separated-reattached flow on a flat plate with a semi-circular leading edge 
with a high intensity of free stream turbulence (5.6%). The authors also studied the effects 
of a lower intensity of free stream turbulence (< 0.2%) and compared the results with the 
data of Yang and Voke (2001) for a similar geometry and Reynolds number (3450), as 
based on the inlet flow velocity and plate thickness. For a low level of disturbances, there 
was good agreement between the results of both the above LES studies. Both showed that 
the free shear layer was inviscidly unstable via a two-dimensional Kelvin-Helmholtz 
instability mechanism. Two-dimensional Kelvin-Helmholtz rolls were clearly visible in 
the early stages of the transition which distorted / deformed due to three-dimensional 
motion; three-dimensional hairpin vortices were then formed around the mean 
reattachment line.  
Due to an elevated intensity of free stream turbulence (5.6%) in the work conducted by 
Langari and Yang (2013) at a plate edge, it was noted that the stage at which two-
dimensional Kelvin-Helmholtz rolls exists was bypassed and that these rolls were 
irregular in the spanwise direction, forming three-dimensional hairpin structures. In this 
case, a 5.6% intensity of free stream turbulence led to an earlier breakdown to turbulence. 
Langari and Yang (2013) concluded that due to the effects of a high intensity of free 
stream turbulence, the Kelvin-Helmholtz instability mechanism, which was dominant in 
the free shear layer at low levels of disturbance, was bypassed. 
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Volino and Hultgren (2000) experimentally generated an elevated free-stream turbulence 
(7%) to reveal its influence on transitional separated-reattached flow induced by an 
adverse pressure gradient. This study also investigated the transition with a low 
disturbance level (0.2%). They found that the transition occurred through the bypassed 
mode with a high intensity of free stream turbulence, and the transition location became 
closer to the plate edge compared with that in the low disturbance case. 
The effects of various levels of intensity of free stream turbulence (0, 0.05, 0.5, and 2.5%) 
on the instability mechanism in laminar boundary layers, which was separated from a flat 
plate due to a presence of an adverse pressure gradient, was investigated by Balzer and 
Fasel (2016). With a non-zero intensity of free stream turbulence, streamwise elongated 
streaks were observed inside the boundary layer. These streaks were formed by a 
Klebanoff instability mode. When intensity of free stream turbulence increased, these 
streaks appeared with a higher amplitude and a distinct spanwise scaling. The authors 
noted the strong growth of these streaks inside the separation bubble. In general, the 
separated layer was inviscidly unstable at all levels of intensity of free stream turbulence. 
Recently, Istvan and Yarusevych (2017) experimentally investigated the instability 
mechanism of the transition in a separation bubble formed over the suction side of a 
NACA 0018 aerofoil with a 1.92% intensity of free stream turbulence. Experimental tests 
detected a reduction in the separation bubble length and increase of amplitude of 
fluctuating velocities, leading to an earlier transition by shifting the transition location 
towards the aerofoil edge. The authors noted that as a consequence of the elevated level 
of intensity of free stream turbulence, shear layer roll-up became less organized, spanwise 
coherence was distorted, and streamwise streaks, that originated in the attached flow 
before the separation bubble, were formed. Istvan and Yarusevych (2017) concluded that 
the transition in the separation bubble altered to the bypassed transition. 
Using different intensities of free stream turbulence, Simoni et al. (2017) investigated the 
characteristics of a separation bubble formed on a flat plate due to an adverse pressure 
gradient, where the intensity of free stream turbulence levels were 0.65%, 1.2%, and 
2.87%. It was reported that the transition to turbulence was driven by the Kelvin-
Helmholtz instability mechanism for all chosen levels of intensity of free stream 
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turbulence. In addition, a strong reduction in the length and height of the separation 
bubble was observed with increasing levels of disturbance.      
2.3 Shedding frequency 
Basically, there are two frequency modes in separated-reattached flows: a low frequency 
mode and a high frequency mode. The low frequency mode is related to the dynamics of 
the separation bubble growth / decay, referred to in the literature as the low frequency 
shear layer flapping (Kiya and Sasaki, 1983; Cherry et al., 1984; Tafti and Vanka, 1991). 
The high frequency mode is related to the shedding of large-scale structures from the free 
shear layer and can be divided into two types: characteristic (regular) shedding frequency 
and selective high frequency. The selective high frequency is about seven times as large 
as the characteristic shedding frequency (Tafti and Vanka, 1991; Abdalla and Yang, 
2005). 
The power spectra for the velocity and surface pressure fluctuation of an experimental 
study allowed Kiya and Sasaki (1983) to estimate the low frequency shear layer flapping 
value to be of the order of 0.12 U0/xR (where U0 is the free stream velocity and xR is the 
mean reattachment length) at a position close to the separation line. In this experiment, 
the separated-reattached flow was turbulent over a blunt flat plate. The authors suggested 
that the flapping of the shear layer was a result of large-scale unsteadiness in the 
separation bubble (i.e., shrinkage and enlargement of the separation bubble). They 
documented that this low frequency motion occurred close to the separation line rather 
than more distal positions. In addition, Kiya and Sasaki (1983) reported that smaller-scale 
unsteadiness was related to the regular shedding frequency. However, they showed that 
frequency of the large-scale unsteadiness was much lower than the frequency of the 
smaller-scale unsteadiness. In this experiment, the characteristic shedding frequency was 
detected within the range 0.6 - 0.8 U0/xR.  
Similarly, Hillier and Cherry (1981 a) and Cherry et al. (1984) showed 0.12 U0/xR as a 
reasonable value for the low frequency shear layer flapping. Cherry et al. (1984) noted 
that the fundamental shedding frequency in the separation bubble was 0.7 U0/xR. They 
concluded that the low frequency shear layer flapping was an integral feature of the fully 
turbulent separated flow.  
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For turbulent separated-reattached flows over different geometries, shear layer flapping 
has been reported extensively: Suksangpanomrung et al. (2000) and Tenaud et al. (2016) 
for a blunt flat plate, Eaton and Johnston (1982) and Lee and Sung (2001) for a backward-
facing step, Cherry et al. (1983) and Castro and Haque (1987; 1988) and Hudy et al. 
(2003) for a flat plate associated with a long central splitter plate, and Orellano and 
Wengle (2000) for a fence geometry. However, for such flows, the low frequency motion 
was noted to be absent by Ruderich and Fernholz (1986) for the flow over a flat plate 
associated with a long central splitter plate and Dimaczek et al. (1989) for a surface-
mounted obstacle flow. 
Eaton and Johnston (1982) showed that the shear layer flapping was a result of an 
instantaneous imbalance between the entrainment rate from the recirculation region and 
the reinjection near the reattachment. 
Abdalla and Yang (2005) investigated spectra for instantaneous velocity and pressure in 
transitional separated-reattached flow on a blunt flat plate. They emphasised that there 
was no low frequency shear layer flapping in their study, attributing this absence to be 
due to the action of the laminar part of separation bubble which acted as a filter to absorb 
and damp this low frequency.  
For transitional separated-reattached flow over a forward-facing step and surface 
mounted obstacle, Abdalla et al. (2009) did not observe the shear layer flapping when 
analysing spectra for instantaneous velocity components. However, they noticed a high 
peak frequency close to the separation line, and they attributed this to the Kilven-
Helmholtz instability mechanism of the separation bubble that formed before the leading 
edge of the geometry.  
Laminar symmetric separated wakes were addressed in Castro (2005). It was concluded 
that the shear layer flapping phenomenon does not occur if the ratio of the backflow 
velocity to the free stream velocity is less than 20%.  
Transitional separation studies in Yang and Voke (2001), Hosseinverdi and Fasel (2015) 
and Ducoine et al. (2016), which were carried out numerically, may disprove the 
conclusion drawn by Cherry et al. (1984), who emphasised that fully turbulent separation 
is a condition of the low frequency shear layer flapping.  
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Yang and Voke (2001) revealed low frequency shear layer flapping with a value of 0.104 
U0/xR took place close to the separation line of a transitional separated-reattached flow 
generated on a flat plate with a semi-circular leading edge. In this study, the separated 
flow was laminar in nature. The authors suggested that the presence of this phenomenon 
was due to a larger shrinkage of the separation bubble caused by a big vortex shedding 
which occurred at a lower frequency. They reported in this study that the regular shedding 
frequency varied from 0.35 U0/xR to 1.14 U0/xR. However, the averaged frequency was 
estimated at about 0.77 U0/xR. 
Ducoine et al. (2016) investigated the transition to turbulence over a wing section with 
the effects of an adverse pressure gradient. They showed that a Setrouhal number of 0.08 
was estimated to be the magnitude of the shear layer flapping in the laminar separation 
part. In this study, it was shown that there were two characteristic shedding frequencies, 
which were associated with Setrouhal numbers of 0.12 and 0.248. With a similar 
separation on a flat plate, Hosseinverdi and Fasel (2015) noticed a low frequency in the 
fluctuating wall normal velocity spectrum. They reported that this low frequency was 
related to the flapping, as resulting from a vertical oscillation in the free shear layer. 
As shown in the literature, the low frequency shear layer flapping is still not fully 
understood. It is not clear yet if this low frequency motion is an integral feature of the 
fully turbulent separated flow or if the transitional separated-reattached flow can involve 
this motion. Therefore, more effort is needed in this regard.   
Tafti and Vanka (1991) identified 0.15 U0/xR as the value of the low frequency shear layer 
flapping in a turbulent separated shear layer on a blunt flat plate with a Reynolds number 
of 1 × 103, as based on the inlet velocity and flat plat thickness. They suggested that this 
phenomenon was due to the periodic enlargement and shrinkage of the separation bubble. 
In addition to the low frequency, there were two high frequencies:  the characteristic 
shedding frequency and the selective high frequency. The characteristic shedding 
frequency was 0.6 U0/xR and the selective high frequency was 4.2 U0/xR. Tafti and Vanka 
(1991) showed that the selective high frequency occurred with a period equal to that of 
the low frequency unsteadiness, and the selective high frequency was seven times that of 
the characteristic shedding frequency. They documented that the selective high frequency 
was more notable at low Reynolds numbers; whilst they expected that the selective high 
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frequency should also be notable at higher Reynolds numbers, they were unable to 
confirm this hypothesis because of measurement difficulties.  
For a higher Reynolds number (6.5 × 103) based on the inlet velocity and flat plat 
thickness, Abdalla and Yang (2005) revealed that there was a selective high frequency in 
their transitional separated-reattached flow. Based on spectra for instantaneous pressure 
and velocity components, Abdalla and Yang (2005) observed that there is a high 
frequency peak in the range of 5 - 6.5 U0/xR, which is approximately seven times the 
regular shedding frequency (0.7 - 0.875 U0/xR).  
The vortex shedding frequency for a transitional separation on a blunt flat plate with a 
2% intensity of free stream turbulence was investigated in numerical simulations 
conducted by Yang and Abdalla (2009). The Reynolds number in this study was 6.5 × 
103, as based on the inlet velocity and flat plat thickness. The authors found that there was 
no relationship between the presence of a high level of intensity of free stream turbulence 
and the low frequency shear layer flapping, where this low frequency motion was absent. 
They showed that the characteristic shedding frequency range was 0.8 - 0.9 U0/xR. There 
was good agreement between the characteristic shedding frequency range reported in this 
study and that reported by Abdalla and Yang (2005) for a case without free stream 
turbulence.   
Castro and Haque (1988) experimentally studied the effects of free stream turbulence, 
which varied in intensity between 3.25% to 3% over the length of the reversed flow region 
of a turbulent separated-reattached flow over a flat plate placed normal to the free stream. 
This plate was associated with a splitter plate. The Reynolds number for this experiment 
was 20 × 103. The authors reported that high levels of intensity of free stream turbulence 
enhanced the entrainment rates of the free shear layer and modified the relatively low-
frequency flapping motion in this same layer at a location just after the separation point.     
2.4 Coherent structures 
In many – if not all – separated turbulent and transitional flows, the presence of large-
scale structures (coherent structures) is common (Na and Moin, 1998). Coherent 
structures are defined as spatially coherent and temporally evolving vortical structures 
(Cantwell, 1981). Hussain (1986) defined coherent structures as connected large-scale 
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turbulent fluid masses with a phase-correlated vorticity over their spatial extent. Coherent 
structures were described by Robinson (1991a) as being “a three-dimensional region of 
the flow over which at least one fundamental flow variable (velocity component, density, 
etc.) exhibited significant correlation with itself or with another variable over a range of 
space and / or time that was significantly larger than the smallest local scales of the flow”. 
Berkooz et al. (1992) defined coherent structures as “organized spatial features which 
repeatedly appear (often in flows dominated by local shear) and undergo a characteristic 
temporal life cycle”. 
Lesieur (1997) showed that there are three conditions which should be available in the 
region of coherent vortices: 
• Concentration of the vorticity (ω) should be high enough so that a local roll-up of 
the surrounding fluid is possible. 
• They should approximately keep their shape during a time far enough in front of 
the local turnover time (ω-1). 
• Coherent vortices should be unpredictable. 
Many types of coherent structures have been presented in the literature, such as Kelvin-
Helmholtz rolls, streaks, lambda-shaped (hairpin), horseshoe, counter-rotating and ribs. 
Head and Bandyopadhyay (1981) defined hairpin vortices as a combination of two legs, 
which are quasi-streamwise vortex pairs with opposite signs, and a tip, which is a 
spanwise vorticity. Hairpin vortices (also known as horseshoe vortices), lambda-shaped 
vortices, and ring-like vortices, are considered to be key structures in a turbulent boundary 
layer (Robinson, 1991a; Robinson, 1991b; Svizher and Cohen, 2006; Adrian, 2007). 
An understanding of the generation of coherent structures and their evolution, interaction 
and coupling with a background of turbulence may improve our knowledge of the 
associated transition mechanisms, as well as the development of turbulence after the 
transition (Hussain and Melander, 1992). Good knowledge of coherent structures’ 
dynamics leads to a better insight into turbulence phenomena such as mixing, heat and 
mass transfer, chemical reactions, combustion and can develop models applicable to 
turbulence (Hussain and Melander, 1992). Hence, great effort to study coherent structures 
is needed. 
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Scales and shapes of coherent structures are different from flow to flow depending on 
flow geometries, flow conditions and locations with respect to a solid surface (Yang, 
2013). Brown and Roshko (1974), Browand and Trout (1985), Comte et al. (1998), and 
McMullan and Garrett (2016) found that large-scale spanwise vortices were regular 
coherent structures in a plane mixing layer. Perry and Chong (1982) and Robinson 
(1991a; 1991b) reported that hairpin, or horseshoe, vortices were the dominant large-scale 
motions in a turbulent boundary layer. For a similar flow, streaky structures that appeared 
to be coherent were observed by Chernyshenko and Baig (2005), Schlatter et al. (2008), 
Watmuff et al. (2010), Schrader et al. (2010), Deguchi and Hall (2015), and Brinkerhoff 
and Yaras (2015).  
Jeong and Hussain (1997) showed that lambda-shaped vortices and low-speed streaks 
were coherent structures in a transitional boundary layer. Brinkerhoff and Yaras (2014) 
observed the development of hairpin vortices in transition and turbulent regions in the 
transitional boundary layer. Dominant structures of flow dynamics in wakes were 
counter-rotating vortices, as found by Hussain and Hayakawa (1987), Giralt and Ferre 
(1993), and Scarano et al. (1999). Kelvin-Helmholtz rolls were found in transitional 
separated-reattached flow for different geometries such as a backward-facing step in Neto 
et al. (1993), a flat plate with a semi-circular leading edge in Yang and Voke (2001), a 
blunt flat plate in Yang and Abdalla (2008), and a two-dimensional surface-mounted 
obstacle and forward-facing step in Abdalla et al. (2009). 
In the literature, many techniques have been presented to extract coherent structures from 
turbulent and transitional flows: conditional, non-conditional, pattern recognition and 
flow visualisation (Yang, 2002). Conditional techniques include a sampling of the flow 
only during those intervals of time that satisfy some predetermined criterion that is 
deemed dynamically significant and is related to the presence of the coherent structure 
being sought. The disadvantage of these techniques is a lack of objectivity in the sense 
that one must have some predetermined idea regarding the likely structural topology in 
order to set the sampling criterion (Yang, 2002).  
An example of the conditional techniques is the particle image velocimetry method (PIV) 
that was used by Adrian et al. (2000) to identify vortex organization in the outer region 
of a turbulent boundary layer. They observed the existence of large-scale motions (LSMs) 
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as a result of an alignment of hairpin packets. The authors reported that LSMs moved 
with a common convective velocity and they were characterized by a region of low-
momentum fluid between the legs of hairpin structures.  
Another example of conditional techniques is the variable interval time-average method 
(VITA) that was applied by Wei and Ning (1988) to study bursting frequency in turbulent 
boundary layers using different Reynolds numbers. 
Kiya and Sasaki (1985) experimentally educed large-scale vortices of a turbulent 
separated-reattached flow formed on a blunt flat plate. Conditional sampling techniques 
were employed for this purpose using surface-pressure fluctuations as a conditional 
signal. At the reattachment zone, hairpin vortices were observed as the dominant 
structures in the flow. These structures were generated from a successive amalgamation 
of Kelvin-Helmholtz vortices formed in the separated shear layer. The authors concluded 
that there was a relationship between the large-scale motions and unsteadiness of the 
forward part of the turbulent bubble (shrinkage / enlargement), i.e., shear layer flapping.  
The objectivity and lack of bias of non-conditional techniques make them more accurate 
than conditional techniques (Yang, 2002). An example of a non-conditional technique is 
proper orthogonal decomposition analysis (POD) which is based on two-point 
correlation. This technique was used by Gordeyev and Thomas (2000; 2002) to examine 
coherent structures in the similarity region of a turbulent planar jet. POD was employed 
also by Hosseinverdi and Fasel (2016) to present large-scale structures in a laminar-
turbulent transition. 
Hellstorm et al. (2015) applied the POD technique to present coherent structures of a 
turbulent pipe flow with a high Reynolds number. They recognized four distinct types of 
large-scale motion: the near-wall streaks, hairpin or horseshoe vortices, large-scale 
motions (LSMs) and very large-scale motions (VLSMs). In this study, agreement was 
reported with the study of Adrian et al. (2000) regarding the properties of LSMs. VLSMs 
are defined as a temporal manifestation of repeating LSMs that can extend up to 30R (R 
is the pipe radius), where there are no actual spatial structures referred to as VLSMs. For 
more details about these types of large-scale motion, the reader is referred to Hellstorm 
et al. (2015). 
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The pattern recognition technique was employed by Giralt and Ferre (1993) to detect 
coherent structures in turbulent wakes behind a cylinder. The pattern recognition analysis 
of the streamwise and spanwise velocities in the horizontal plane of the wake 
demonstrated that large-scale structures were counter-rotating vortices. Analysis of the 
streamwise velocity and wall-normal velocity in the vertical plane showed that these 
counter-rotating vortices were connected at their top to form a horseshoe vortex.  
Coherent structures of a turbulent separated-reattached flow passing a backward-facing 
step were observed through the use of pattern recognition techniques in Scarano et al. 
(1999). The presence of a significant number of counter-rotating structures was observed 
inside the free shear layer; these structures were the result of an early three-dimensional 
breakdown of primary spanwise rolls. Scarano et al. (1999) indicated that a low field 
sampling frequency did not allow for a detailed investigation of the flow time-evolution 
and dynamical processes of coherent structures. So, this is considered one of the 
limitations of using the pattern recognition technique. 
Flow visualization has been applied to reveal coherent structures within the flow in many 
studies. Mainly, there are three flow visualization schemes: low-pressure isosurface, 
vorticity field isosurface and Q-criterion isosurface. Comte et al. (1998) employed a 
streamwise vorticity isosurface to investigate the development of coherent structures in a 
turbulent mixing layer flow. Similar work presented by Robinson (1991a) by using low 
pressure isosurface for a turbulent boundary layer. They showed that the low pressure 
isosurface is superior to the vorticity field isosurface in identifying coherent structures in 
flows, which are associated with a presence of a solid surface. This is due to a high shear 
compared with vortical intensity of vortices, which are close to the solid surface. 
Additionally, the vorticity isosurface method cannot differentiate swirling motions from 
shearing motions (Kida and Miura, 1998). 
The Q-criterion scheme, which shares some properties with vorticity and pressure criteria, 
was used by Gungor and Simens (2015) and Karaca and Gungor (2016) to reveal the 
effect of the spanwise perturbation generated from a surface roughness, at the location of 
coherent structure breakdown. The flow in these studies was a transitional-separated 
reattached flow induced due to effect of an adverse pressure gradient on an aerofoil. The 
aim of these studies was merely to focus on effect of surface roughness on the breakdown 
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location of large structures within the separation bubble. However, a description of 
coherent structures and their spatial and temporal evolution was not given in these studies.  
For a similar separation flow, Ducoin et al. (2016) studied the physics of transition 
mechanisms in a separated boundary layer generated over an aerofoil with a low angle of 
attack using an SD7003 wing section. They reported that the transition was driven by the 
Kelvin-Helmholtz instability. The first appearance of coherent structures was in the form 
of two-dimensional Kelvin-Helmholtz rolls, which then moved a certain distance before 
their deformation to form C-shaped structures. C-shaped structures were shown to be 
filaments within the braid breakdown region. C-shaped vortex filaments were also 
reported by Burgmann and Schroder (2008) as a result of the evolution of Kelvin-
Helmholtz rolls in a separation bubble formed on a SD7003 aerofoil. 
For a transitional separation induced by an adverse pressure gradient, Roberts and Yaras 
(2006) summarized a periodic shedding of coherent structures that occurred at the trailing 
edge of the separation bubble. They observed that the transient roll-up of vorticity in the 
separated shear layer takes place before the maximum thickness of the separation bubble. 
Resultant vortices gradually grow when they move along a path, which follow the time-
averaged dividing streamline before shedding at the maximum thickness of the separation 
bubble. The shedding process is accompanied by the entrainment of small three-
dimensional structures which are formed within the separation bubble. 
In a numerical simulation for a turbulent separated-reattached flow on a blunt flat plate, 
Tafti and Vanka (1991) showed that the existent coherent structures were three-
dimensional in nature with a spanwise size that varied from 20% to 30% of the mean 
reattachment length. For a similar geometry but with higher Reynolds number, Kiya and 
Sasaki (1985) reported in their experimental work that turbulent separated-reattached 
flow was characterised by three-dimensional hairpin vortices. These vortices were pairs 
of counter-rotating vortices. 
Yang and Voke (2000; 2001), in their numerical simulations, observed the formation of 
hairpin structures in a transitional separated-reattached flow induced on a flat plate with 
a semi-circular leading edge. The Reynolds number was 3450, based on the inlet velocity 
and plate leading edge diameter. The authors found that large-scale structures started as 
two-dimensional Kelvin-Helmholtz rolls; when these rolls travelled toward the mean 
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reattachment line, they grew and distorted to form spanwise peak-valley structures via a 
secondary instability process. At about the mid-distance of the mean reattachment length, 
where a significant development of three-dimensional motions of the flow started, an 
irregular shedding of large-scale structures with a roll-up of the free shear layer occurred. 
Further downstream, the formation of hairpin vortices took place around and after the 
mean reattachment line. Eventually, the streamwise structures broke down into relatively 
smaller turbulent structures within the reattached turbulent boundary layer. It should be 
noted that the flow visualization method used by Yang and Voke (2000; 2001) was the 
low pressure isosurface.  
In addition to the two- and three-dimensional structures that were revealed in Yang and 
Voke (2000; 2001), Yang (2002) observed streaky structures in the last third of the 
separation bubble and after the mean reattachment line. The appearance of these 
structures is common in turbulent boundary layers and its formation is associated with 
counter-rotating streamwise vortices. Yang (2002) reported that streaky structures can 
obviously be observed close to the wall and gradually disappear when moving upward.  
The low-pressure isosurface flow visualization technique was used in Abdalla and Yang 
(2008) to present coherent structures in transitional separated-reattached flow over a blunt 
flat plate with a Reynolds number of 6.5 × 103, based on the inlet flow and plate thickness. 
The authors showed that two-dimensional spanwise rolls are shed from the free shear 
layer. The spatial and temporal evolution of those rolls are based on their pairing with 
each other and stretching in the streamwise direction to form three-dimensional hairpin 
and rib structures. The transformation of two-dimensional structures to three-dimensional 
structures is via a secondary instability mechanism, namely the helical pairing instability. 
New three-dimensional structures were shed from the separation bubble into reattached 
turbulent flow, and then broke down into smaller structures further downstream. 
For a similar geometry with a turbulent separated flow, but with a higher Reynolds 
number (50 × 103), Suksangpanomrung et al. (2000) observed horseshoe vortices when 
employing the streamwise vorticity isosurface method.   
For both works on transitional separated-reattached flow, on a two-dimensional surface-
mounted obstacle in Abdalla et al. (2007) and a forward-facing step in Abdalla et al. 
(2009), the low-pressure isosurface method was performed to discover shapes of existing 
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coherent structures. The Reynolds number for both studies was 4.5 × 103, as based on the 
inlet flow velocity and geometry height. It was observed that there were structures that 
initiated as two-dimensional spanwise vortices, then these structures grew and merged 
with each other when convicting downstream. There was the formation of a large-size 
structure by the pairing of two Kelvin–Helmholtz rolls. Direct or rapid breakdown of the 
large-size structure was found to form horseshoe vortices. The authors observed the weak 
presence of hairpin structures, unlike that observed for the flat plate flow. They 
documented that the instability mechanism that resulted in the formation of the three-
dimensional structures was different from that in the flat plate case. Therefore, further 
research is needed to reveal the secondary instability mechanism. 
Sasaki and Kiya (1991) and Hwang et al. (2000) experimentally visualized the coherent 
structures generated in a separated-reattached flow over a blunt flat plate with a low 
Reynolds number.  
Sasaki and Kiya (1991) used dye and hydrogen bubbles to visualize the flow with three 
ranges of Reynolds number: Regime I for 80 < Re < 320, Regime II for 320 < Re < 380 
and Regime III for 380 < Re < 800. In Regime I and up to Re = 300, they found that the 
separated shear layer remained laminar without roll-up up to the reattachment line and 
there was no significant spanwise distortion of the vortex filaments. The lack of roll-up 
of the free shear layer was due to the dominant viscous force. With Re = 320, an instability 
wave in the free shear layer was observed. In Regime II, the free shear layer rolled-up to 
form large-scale vortices via a Kelvin-Helmholtz instability. These vortices were 
subjected to spanwise deformation to transform into hairpin structures shortly 
downstream from the reattachment line. In Regime III, the roll-up location of the free 
shear layer was further upstream than one in Regime II. Two or three rolled-up vortices 
amalgamated in the middle of the separation bubble to form large-scale three-dimensional 
structures, which then transformed to hairpin structures that had a less regular appeared 
than that in Regime II. 
Hwang et al. (2000) carried out their experiment with a Reynolds number of 560. Roll-
up and shedding of large-scale vortices from the separated shear layer were observed. 
These vortices moved toward the separation line, grew and shed from the separation 
bubble. Further downstream, a merging of two neighbouring large structures occurred. 
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With the effect of an elevated level of intensity of free stream turbulence (2% at the 
leading edge of a blunt flat plate), Yang and Abdalla (2008) showed that there were two-
dimensional Kelvin-Helmholtz rolls in the first half of the separation bubble. The authors 
compared this case of the flow with a case without intensity of free stream turbulence. 
They observed that Kelvin-Helmholtz rolls in the former case were less regular than those 
in the latter. Hairpin structures were rarely observed with a high level of intensity of free 
stream turbulence. The authors stated that additional intensity of free stream turbulence 
led to the degraded coherency of the two-dimensional structures along both the spanwise 
and streamwise directions. Additionally, hairpin structures seemed to be larger in the 
spanwise direction and shorter in the streamwise direction. 
Chandrasuda et al. (1978) reported that a high intensity of free stream turbulence reduced 
the spanwise coherency of structures in turbulent mixing layers. However, in transitional 
mixing layers, quasi‐two‐dimensional large-scale Kelvin–Helmholtz rolls were observed, 
even in the presence of strong external disturbances (Comte et al., 1992). 
2.5 Development of the reattached turbulent boundary layer 
After the reattachment, the turbulent boundary layer develops slowly within the 
developing boundary layer region. The evidence for the slow development of the 
turbulent boundary layer is a dip in the streamwise velocity profile below the standard 
log law, as shown in the experiments of Bradshow and Wong (1972) and numerical 
simulations of Le et al. (1997), for the turbulent separated reattached flow over a 
backward-facing step.  
Under the influence of an adverse pressure gradient, Alam and Sandham (2000) reported 
that the boundary layer downstream of the reattachment is initially quite different from 
an equilibrium turbulent boundary layer. They showed that the boundary layer takes about 
seven separation bubble lengths to be re-established with the log-law velocity profile.  
For transitional separated-reattached flow on a blunt flat plate, the slow development of 
a reattached turbulent boundary layer was observed in experiments of Castro and Epik 
(1996). They found that the log-law velocity profile was re-established after a distance of 
75 thicknesses of the boundary layer at the reattachment, while turbulence structures had 
not developed normally even at this considerable distance. Castro and Epik (1996) 
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concluded that slow decay of the outer layer was preventing the inner layer from reaching 
its canonical form.  
Delay in the recovery of the turbulent boundary layer after the reattachment was reported 
in Le et al. (1997), who studied a turbulent separated-reattached flow over a backward-
facing step with a Reynolds number of 5100 based on the inlet velocity and the step 
height. They showed that with a distance of 20 step heights after the separation, there was 
no full recovery of the turbulent boundary layer, where velocity profiles were below the 
log-law profile. 
Yang and Voke (2001) reported in their numerical simulation of transitional separated 
flow over a flat plate with a semi-circular leading edge and a low intensity of free stream 
turbulence (< 0.2%) that a long distance is required for the turbulent boundary layer to 
attain the log-law profile (to reach its canonical form) and for the inner layer turbulence 
structure to re-establish. They attribute that the recovery delay of turbulent boundary layer 
is due to high unsteadiness of the flow around the mean reattachment line and the presence 
of two and three-dimensional flow structures within the turbulent flow after the 
reattachment. These structures take some time to break down into small turbulent 
structures. The small turbulent structures then need time to develop in the inner layer and 
interact with structures of the outer layer. 
There are few studies in the literature that deal with the enhancement of the recovery of 
the turbulent boundary layer after the reattachment by using elevated intensities of free 
stream turbulence. Castro and Epik (1996, 1998) experimentally investigated the 
development of the turbulent boundary layer after the reattachment of the transitional 
separated-reattached flow formed on a blunt flat plate. These studies were performed at 
two intensities of free stream turbulence at the leading edge of the plate: a low level with 
a value of 0.2% and a high level with a value of 5.1%. The results of these experiments 
showed that the Clauser parameter value at x/xR = 20 downstream from the mean 
reattachment is 5.9 with a low intensity of free stream turbulence and 5.4 with a high 
intensity of free stream turbulence. Castro and Epik (1996, 1998) concluded that there is 
no significant effect due to a high intensity of free stream turbulence on the development 
of the reattached turbulent boundary layer where, with and without a high intensity of 
free stream turbulence, the Clauser parameter value is still below the standard value (6.8). 
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It is worth pointing out that reattached turbulent boundary layer satisfies its canonical 
form when the Clauser parameter profile of this layer reaches its standard value (6.8) 
(Alam and Sandham, 2000). 
For transitional separated-reattached flow that forms on a flat plate with an adverse 
pressure gradient, McAuliffe and Yaras (2010) numerically tested the influence of adding 
free stream turbulence to the recovery of the reattached turbulent boundary layer to 
equilibrium. They used two intensities of free stream turbulence (0.1% and 1.45%) at the 
separation point. McAuliffe and Yaras (2010) stated that for both intensities of free stream 
turbulence, large-scale structures associated with the transition still survived in the 
turbulent boundary layer after the reattachment. These structures provide a source of 
production of turbulent kinetic energy in the outer region of the boundary layer. The 
authors concluded that the interaction between the large-scale structures and the outer 
region of the reattached turbulent boundary layer delays re-establishment of the 
reattached turbulent boundary layer.  
2.6 Summary  
In the present literature review, aspects of transitional separated-reattached flow that 
formed due to flow over geometries or the effects of an adverse pressure gradient in the 
presence of low (close to zero) or high levels of intensity of free stream turbulence are 
discussed. To the best of the author's knowledge, there is no agreed description for aspects 
of this flow in the literature. In addition, only a few studies have employed a relatively 
elevated level of intensity of free stream turbulence to reveal its effects on the transition 
features and the entire flow. 
In general, it is well known that in the presence of high levels of intensity of free stream 
turbulence, the separation distance decreases and the transition takes place closer to the 
separation point, leading to an early breakdown of the free shear layer to turbulence 
(Hillier and Cherry, 1981b; Nakamura and Ozono, 1987; Volino and Hultgren, 2000; 
Kalter and Fernholz, 2001; Volino, 2002; Halfon et al., 2004; Yang and Abdalla, 2008; 
Lardeau et al., 2012; Langari and Yang, 2013; Balzer and Fasel, 2016; and others). 
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Other aspects of the transitional separation flow such as instability mechanisms that drive 
the transition, the shape of coherent structures and their development, and the low 
frequency shear layer flapping phenomenon are still not fully understood.  
As shown in the literature, the transition starts with different instability mechanisms 
depending on turbulence intensity levels. It is not currently clear if there is a threshold of 
intensity of free stream turbulence that might control the transition instability mechanisms 
and help identify their types. Therefore, great effort is needed for this issue.  
2.7 Research objectives  
It seems that all geometries chosen as case studies in the literature were two-dimensional. 
If the transitional separated-reattached flow is around a three-dimensional geometrical 
shape, the questions that this raises are: 
• Will transitional separated-reattached flow around a three-dimensional geometry 
impose aspects that are similar to, or different from, that generated on a two-
dimensional geometry? 
• For a three-dimensional geometry, is there any effect of changing the width to 
thickness ratio on features of transitional separated-reattached flow?  
• If the change in width to thickness ratio is combined with an elevated intensity of 
free stream turbulence, what will happen to characteristics of transitional 
separated-reattached flow?  
The current study is the first work to attempt to answer these questions by elucidating the 
entire transitional separated-reattached flow from the laminar separation to the developed 
turbulent boundary layer after the reattachment involving instability mechanisms, vortex-
shedding frequency modes, and coherent structures and their evolution. In addition, 
comparisons of transitional separated-reattached flow for the two-dimensional blunt flat 
plate and two three-dimensional geometries are presented.  
The chosen three-dimensional geometry in the current study with a width to thickness 
ratio (aspect ratio) of 1 is referred to as 3D_case1, whilst geometry with a width to 
thickness ratio of 2 is referred to as 3D_case2. 
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In the current study, transitional separated-reattached flow is investigated in the presence 
of a near zero low level of intensity of free stream turbulence (< 0.2%), denoted NFST, 
and an elevated level of intensity of free stream turbulence (3.7%), denoted FST. 
It is worth noting that for a transitional separated-reattached flow formed on a blunt flat 
plate, Yang and Abdalla (2009) showed that even with a 2% intensity of free stream 
turbulence, the transition was driven by the Kelvin-Helmholtz instability. This study was 
carried out with a Reynolds number of 6.5 × 103, as based on the inlet velocity and plate 
thickness.  
Langari and Yang (2013) examined a higher level of intensity of free stream turbulence 
(5.6%) to investigate the transitional separated-reattached flow formed on a semi-circular 
leading edge flat plate with a Reynolds number of 3450 based on the inlet velocity and 
leading edge diameter. They reported that the primary instability in the free shear layer, 
which was the Kelvin-Helmholtz instability at low level of disturbances, was bypassed.  
If the effect of the difference in Reynolds number and geometrical shape used in Yang 
and Abdalla (2009) and Langari and Yang (2013) is ignored, it can be said that the 
threshold for the occurrence of the bypassed transition is within a range of intensity of 
free stream turbulence of 2% > to 5.6%., which is a relatively wide range. Hence, the use 
of a 3.7% intensity of free stream turbulence in the current study is to reduce this range. 
This is an additional objective of the current study.    
To clarify the above points, the following characteristics of transitional separated- 
reattached flow formed on a blunt flat plate, 3D_case1, and 3D_case2 in the presence of 
a < 0.2% and a 3.7% intensities of free stream turbulence can be identified in the current 
study:  
1- Primary instability mechanism of the transition. 
2- Vortex-shedding frequency modes.  
3- Large-scale motions and their development.  
4- Turbulent boundary layer development after the reattachment. 
In addition, the current study presents an extensive database for transitional separated-
reattached flows, most of them are presented for the first time.  
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3.1 Governing equations  
Navier-Stokes equations govern the motion of all Newtonian fluids. To solve these 
equations by using direct numerical simulation methods, a very high-resolution mesh is 
required to capture all length scales and a very small time step is employed to capture all 
the time scales of the flow. For relatively high Reynolds number and / or complex 
geometries, this method is computationally expensive and sometimes it is impossible to 
do simulations due to the broad range of length and time scales encompassed within 
certain problems.  
To reduce the computational cost, the large eddy simulation (LES) method is employed. 
In this approach, large eddies or large-scale motions (grid-scale) are computed directly 
and small eddies (subgrid-scale) are modelled. A spatial filter is used to separate the flow 
into resolved (grid-scale) and unresolved (subgrid-scale) parts. Hence, the instantaneous 
velocity can be expressed as (Yang, 2013): 
                                                             𝑢𝑢𝑖𝑖 = 𝑢𝑢�𝑖𝑖 + 𝑢𝑢𝑖𝑖′                                                     (3-1) 
where 𝑢𝑢�𝑖𝑖 is the filtered or resolved scale velocity and 𝑢𝑢𝑖𝑖′ is the subgrid-scale velocity. 
When the finite volume method is used to solve the LES equations, these equations are 
integrated over control volumes and the governing equations can be regarded as implicitly 
filtered through the equivalent of imposing a top-hat filter. In this case, the local mesh 
space is considered the equivalent of a local filter (Yang, 2013). The filtered continuity 
and Navier-Stokes equations for incompressible Newtonian fluids in LES are: 
                                                               𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
= 0                                                           (3-2) 
                                     𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕
+ 𝜕𝜕𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
=  − 1
𝜌𝜌
𝜕𝜕𝑝𝑝
𝜕𝜕𝑥𝑥𝑖𝑖
+  𝜐𝜐 𝜕𝜕2𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗𝜕𝜕𝑥𝑥𝑗𝑗
−
𝜕𝜕𝜏𝜏𝑖𝑖𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
                                   (3-3) 
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where 𝑢𝑢𝑖𝑖 ,𝑢𝑢𝑗𝑗   (𝑖𝑖, 𝑗𝑗 = 1, 2, 3) are the three velocity components in the Cartesian form, ρ 
denotes density, p denotes pressure and υ denotes kinematic viscosity, respectively. 
Overbar notation denotes application of the spatial filtering which is called the grid-scale 
filter. The unresolved subgrid-scale stress (𝜏𝜏𝑖𝑖𝑗𝑗) is an unknown stress tensor that refers to 
the effect of subgrid-scale motions on the resolved fields of the LES. 
                                      𝜏𝜏𝑖𝑖𝑗𝑗 = 𝑢𝑢𝚤𝚤𝑢𝑢𝚥𝚥�����−𝑢𝑢𝚤𝚤�𝑢𝑢𝚥𝚥� = 𝐿𝐿𝑖𝑖𝑗𝑗 + 𝐶𝐶𝑖𝑖𝑗𝑗 + 𝑅𝑅𝑖𝑖𝑗𝑗                                         (3-4) 
where Lij are the Leonard stresses, Cij are the cross terms, and Rij are the subgrid-scale 
Reynolds stresses, which are defined, respectively, as follows (Piomelli 1999): 
                                                    𝐿𝐿𝑖𝑖𝑗𝑗 = 𝑢𝑢𝚤𝚤�𝑢𝑢𝚥𝚥������ − 𝑢𝑢𝚤𝚤�𝑢𝑢𝚥𝚥�                                                       (3-5)                                                 
                                                   𝐶𝐶𝑖𝑖𝑗𝑗 = 𝑢𝑢𝚤𝚤�𝑢𝑢𝚥𝚥′����� + 𝑢𝑢𝚥𝚥′𝑢𝑢𝚤𝚤������                                                       (3-6)                                                               
                                                         𝑅𝑅𝑖𝑖𝑗𝑗 = 𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������                                                            (3-7)                                                
The Leonard stresses represent interactions between resolved scales that result in subgrid- 
scale contributions and can be computed explicitly. The cross terms represent interactions 
between the resolved and unresolved scales. The subgrid-scale Reynolds stresses 
represent interactions between small (unresolved) scales (Piomelli 1999). 
The subgrid-scale Reynolds stresses are invariant with respect to a Galilean 
transformation. However, the same does not hold for either the Leonard stresses or the 
cross term. Hence, the correlations that are used to model these stresses are 
approximations only. Thus, any attempt at decomposition of subgrid-scale stress is 
abandoned in preference of modelling whole subgrid-scale stresses (Piomelli 1999). 
The unresolved subgrid-scale stress (𝜏𝜏𝑖𝑖𝑗𝑗) is modelled via an eddy viscosity model. 
According to the Boussinesq approximation, there is a relationship between the grid-scale 
strain rate tensor and the unresolved subgrid-scale stress (𝜏𝜏𝑖𝑖𝑗𝑗) that refers to the effect of 
subgrid-scale motions on the resolved fields, which can be expressed as: 
                    𝜏𝜏𝑖𝑖𝑗𝑗 = −2 𝜐𝜐𝜕𝜕 𝑆𝑆𝑖𝑖𝑗𝑗 + 13  𝛿𝛿𝑖𝑖𝑗𝑗  𝜏𝜏𝑘𝑘𝑘𝑘,                     𝑆𝑆𝑖𝑖𝑗𝑗 = 12 �𝜕𝜕𝑢𝑢𝑖𝑖𝜕𝜕𝑥𝑥𝑗𝑗 + 𝜕𝜕𝑢𝑢𝑗𝑗𝜕𝜕𝑥𝑥𝑖𝑖�                      (3-8) 
Chapter Three                                                                                                                                          Methodology 
43 
 
where 𝛿𝛿𝑖𝑖𝑗𝑗 is the Kronecker delta which is 1 if 𝑖𝑖 = 𝑗𝑗 and zero if  𝑖𝑖 ≠ 𝑗𝑗 , 𝜐𝜐𝜕𝜕 is the subgrid-
scale eddy viscosity, 𝑆𝑆𝑖𝑖𝑗𝑗 is the grid-scale strain rate tensor, and  𝜏𝜏𝑘𝑘𝑘𝑘 is the isotropic part 
of the stress tensor that not modelled and instead added to the pressure term. Equation (3-
3) can be re-written as: 
          𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕
+ 𝜕𝜕𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
=  − 1
𝜌𝜌
𝜕𝜕𝑝𝑝∗
𝜕𝜕𝑥𝑥𝑖𝑖
+  𝜐𝜐 𝜕𝜕2𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗𝜕𝜕𝑥𝑥𝑗𝑗
+ 2 𝜕𝜕𝜐𝜐𝑡𝑡 𝑆𝑆𝑖𝑖𝑗𝑗
𝜕𝜕𝑥𝑥𝑗𝑗
,        𝑝𝑝∗ = 𝑝𝑝 − 1
3
𝜌𝜌 𝛿𝛿𝑖𝑖𝑗𝑗 𝜏𝜏𝑘𝑘𝑘𝑘             (3-9) 
The remaining problem in equation (3-9) is to solve the subgrid-scale eddy viscosity, 𝜐𝜐𝜕𝜕. 
The oldest and simplest model by which to achieve this was proposed by Smagorinsky in 
1963: 
                                   𝜐𝜐𝜕𝜕 =  𝐶𝐶 ∆2 �𝑆𝑆� ,               �𝑆𝑆� = �2 𝑆𝑆𝑖𝑖𝑗𝑗 𝑆𝑆𝑖𝑖𝑗𝑗                                  (3-10) 
where C is a parameter in the model and ∆ is the grid filter scale (filter width) that is equal 
to the cubic root of the cell volume (∆𝑥𝑥∆𝑦𝑦∆𝑧𝑧)13. From equations (3-8) and (3-10), the 
subgrid-scale stress (𝜏𝜏𝑖𝑖𝑗𝑗) can be written now as: 
                                          𝜏𝜏𝑖𝑖𝑗𝑗 = −2 𝐶𝐶 ∆2 �𝑆𝑆� 𝑆𝑆𝑖𝑖𝑗𝑗 + 13  𝛿𝛿𝑖𝑖𝑗𝑗  𝜏𝜏𝑘𝑘𝑘𝑘                                      (3-11) 
In the Smagorinsky model, 𝐶𝐶 = 𝐶𝐶𝑠𝑠2, where 𝐶𝐶𝑠𝑠 is the Smagorinsky constant. Specification 
of a proper value for the Smagorinsky constant is a controversial topic. There is no 
entirely satisfactory value for this constant. Despite this, the majority of work reported in 
the literature assumes that the Smagorinsky constant is 0.18 for isotropic turbulent flow 
and 0.1 for a flow near the solid wall (Yang, 2015). 
However, there are many shortcomings to the Smagorinsky model. For example, it is too 
dissipative (so it is not suitable for simulating transitional flows) and the Smagorinsky 
constant needs to be adjusted for different flows (Piomellli, 1999; Yang, 2015).  
To overcome these shortcomings, a dynamic subgrid-scale model was proposed by 
Germano et al. (1991). In this model, the constant C is computed as a function of space 
and time, i.e., it is determined locally in space and time during the calculation and hence 
the need to artificially adjust the model coefficient is avoided. The procedure for 
calculating the dynamic subgrid-scale coefficient and its further improvement are 
described by Germano et al. (1991) and Lilly (1992).  
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The limitation to the utility of Germano et al. (1991) model is a restriction to flows that 
are statistically homogenous in at least one direction, where the model coefficient is 
averaged over all homogeneous directions due to mathematical inconsistency in the 
formulation of the dynamic subgrid-scale model (Ghosal et al., 1995). Thereby, the 
averaging process completely removes the mathematical inconsistency. Ghosal et al. 
(1995) performed an integral formulation of the dynamic subgrid-scale model of 
Germano et al. (1991) that rigorously removes the mathematical inconsistency at the 
expense of having to solve an integral equation at each time step to avoid the limitation 
that one direction must be statistically homogeneous. The improved model is called the 
dynamic localization model and is detailed in Ghosal et al. (1995). In the dynamic 
localization model, the coefficient in this model is a function of the position and time. So, 
this model can be applied to general inhomogeneous flows and it does not suffer from the 
mathematical inconsistency which is in the dynamic subgrid-scale model (Ghosal et al., 
1995). Huai et al. (1997) reported that the dynamic localization subgrid-scale model can 
adjust itself locally both in terms of space and time according to the characteristics of the 
flow field. This is essential for the LES of transitional flows, since the intermittency is 
the dominant phenomenon during the transition. 
The dynamic localization subgrid-scale model was successfully used by Ghosal et al. 
(1995) to simulate an isotropic turbulence and turbulent flow over a backward-facing 
step. A good agreement between simulated and experimental results was found in this 
study. This model was also used to simulate rotating channel flows by Piomelli and Liu 
(1995) and a transitional boundary layer by Huai et al. (1997).  
The dynamic localization subgrid-scale model was used within an OF code by Baba-
Ahmadi and Tabor (2008; 2009) to simulate different applications. In these studies, good 
agreements between simulated and experimental results were shown. 
In the present study, the commercial OF 3.0.0 CFD toolbox is used with LES, employing 
the dynamic localization subgrid-scale model to simulate transitional separated-
reattached flow over the three geometries detailed in Chapter 2. 
As shown previously, it is believed that the current study is the first research to consider 
the use of OF technology to predict aspects of transitional separated-reattached flow. It is 
useful to use this technology, which is developing rapidly, to simulate this difficult and 
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complicated flow. The good agreement between the results of the current study and other 
studies will motivate researchers to employ and develop this new technology to simulate 
more complicated problems. 
In OF, the governing equations of LES are discretised using the finite volume method. In 
the current study, the second-order implicit backward Euler time scheme is used for the 
time advancement. A full explanation of the backward Euler time scheme 
implementations in OF, and hence the finite volume approach, is provided in Jasak 
(1996). The second-order central differencing scheme, which is widely used in LES 
owing to its non-dissipative and conservative properties, is used for the spatial 
discretisation.  
In OF, mass conservation is imposed through the pressure-velocity by a coupling method 
which is performed based on the PISO algorithm (Pressure-Implicit with Splitting of 
Operators) proposed by Issa (1986). In OF, a collocated (non-staggered) mesh 
arrangement is used, hence, Rhie and Chow pressure smoothing is performed to couple 
the velocity and pressure solutions with the PISO (Baba-Ahmadi and Tabor, 2008). 
The PISO algorithm is an implicit time-marching scheme first developed by Issa (1986). 
It uses operator splitting to separate the solution of the velocity and pressure equations, 
such that the solutions of each field are close approximations of the exact solution with 
formal second-order temporal accuracy (Jasak, 1996). It has been shown that the PISO 
algorithm is both accurate and robust (Barton, 1998; Baba-Ahmadi and Tabor, 2008). 
Bressloff (2001) used the PISO algorithm to simulate numerous flow cases, showing that 
the use of this algorithm presents good agreement with experimental results. A flow chart 
of the PISO algorithm is shown in Fig. 3-1. 
The solution procedure for the PISO algorithm is stated in Kimbrell (2012) as follows: 
1. Set the boundary conditions. 
2. Solve the discretized momentum equation to compute a predictor velocity field. 
3. Compute the mass fluxes based on the predictor velocity. 
4. Solve the pressure equation using the predictor velocity field. 
5. Correct the mass fluxes to be divergence-free. 
6. Correct the predictor velocity on the basis of the new pressure field. 
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7. Update the boundary conditions. 
8. Repeat from 3 using the new velocity field as a predictor velocity for a set number 
of iterations. It is recommended that a minimum of two predictor-corrector 
iterations are performed to achieve an accurate solution (Issa, 1986). 
9. Increase the time step and repeat from 1. 
 
Fig. 3-1. Flow chart of the PISO algorithm (Kimbrell, 2012) 
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3.2 Computational details for NFST 
Computational domains for the flat plate and three-dimensional geometries are shown in 
Figs. 3-2 and 3-3 respectively. For all geometries used in the current study with NFST, 
computational domain dimensions are 25D × 16D × 4D along the streamwise x, wall-
normal y, and spanwise z directions, respectively. D denotes the geometry thickness and 
equals 1 cm. The velocity components corresponding to the above directions are u, v and 
w, respectively. The dimensions of the computational domain with NFST and geometry 
parameters are detailed in Table 3-1. 
The origin of the streamwise direction is located at the leading edge of the geometry, 
which is centred at the origin of the wall-normal coordinate. For all geometries, the 
streamwise direction extends from the inflow boundary at -4.5D to the outflow boundary 
at 20.5D. The lateral boundaries are located at -8D and 8D in the wall-normal direction, 
corresponding to a blockage ratio of 16. 
Structured mesh, as shown in Fig. 3-4, is employed for all geometries with NFST. Mesh 
cell spaces are uniform in the spanwise direction, while non-uniform mesh distributions 
are used in the other directions with finer resolution in the vicinity of the solid surface in 
order to resolve the separated shear layer that develops at the separation line and the 
recirculation zone downstream of the geometry leading edge. Mesh refinement tests were 
carried out and a mesh of 198 × 220 × 84 cells along the streamwise, wall-normal and 
spanwise directions, respectively, was selected. In terms of wall units, based on the 
frictional velocity at x/D = 18 for the flat plate, which is approximately equal to that in 
3D_case1 and 3D_case2, the mesh sizes vary from ∆x+ = 4.86 to ∆x+ = 26.417, ∆y+ = 
0.739 to ∆y+ = 30.49, and ∆z+ = 4.88. Wall units are calculated as follows: 
                                                               𝑥𝑥+ = 𝑥𝑥 𝑢𝑢𝜏𝜏
𝜐𝜐
                                                       (3-12)  
                                                              𝑢𝑢𝜏𝜏 = �𝜏𝜏𝑤𝑤𝜌𝜌                                                        (3-13) 
                                                                   𝜏𝜏𝑤𝑤 = 𝜇𝜇 �𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕�𝑤𝑤                                                          (3-14) 
where uτ is the fractional velocity, υ is the kinematic viscosity, τw is the wall shear stress, 
ρ is the fluid density and μ is the dynamic viscosity. 
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Fig. 3-2. Conceptual representation of the domain for the two-dimensional flat plate  
 
 
Fig. 3-3. Conceptual representation of the domain for the three-dimensional geometry 
 
Computational domain 
size for all geometrical 
shapes 
Geometrical shape dimensions 
Lx 25 cm  flat plate 3D_case1 3D_case2 
Ly 16 cm thickness (D) 1 cm 1 cm 1 cm 
Lz 4 cm Length (Ls) 20.5 cm 20.5 cm 20.5 cm 
blockage 
ratio 
16 width (B) - 1 cm 2 cm 
 
Table 3-1. Details of the computational domain size with NFST and dimensions for all geometrical 
shapes  
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Fig. 3-4. Computational mesh at the mid-distance of the spanwise direction for all geometrical shapes 
with NFST 
 
The time step used for the time iterations is ∆t = 2×10-6 s, which is equivalent to 0.001885 
D/U0, where U0 is the inflow velocity corresponding to the CLFmax number of 0.32 for 
the flat plate, 0.26 for 3D_case1 and 0.28 for 3D_case2. The Courant-Friedrich-Lewy 
(CFL) number is defined as: 
                                                𝐶𝐶𝐶𝐶𝐿𝐿 =  ∆𝑡𝑡 �|𝑢𝑢|
∆𝑥𝑥
+ |𝑣𝑣|
∆𝜕𝜕
+ |𝑤𝑤|
∆𝑧𝑧
�                                          (3-15) 
For all geometries used in the current study, the simulation ran for about 8 flow passes 
through the domain (100,000 time steps) to allow the transition and reattached turbulent 
boundary layer to be well-established, i.e., the flow reaches the statistically stationary 
state. The time-averaged results are gathered over approximately 30 further flow passes 
through the domain (400,000 time steps) with the averaging process carried out for 
samples at each time step. The total runtime for the simulation is 1 s (942.5 D/U0) 
corresponding to about 38 flow passes or residence times. 
The Reynolds number in the current study is 6.5×103 based on the thickness of the 
geometry and the inflow velocity, which is 9.425 m/s, and is uniform and aligned with 
the geometry. A zero velocity gradient is taken at the outflow boundary. No-slip boundary 
conditions are imposed for the walls of the geometries. On the lateral boundaries, free-
slip boundary conditions are imposed. For the flat plate, periodic boundary conditions are 
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applied in the spanwise direction. These boundary conditions are changed to be free-slip 
for both three-dimensional geometries. 
It is worth pointing out that the length of the spanwise dimension in the computational 
domain for the flat plate, which is 4D, is sufficient to resolve the flow characteristics. For 
a separation bubble formed on a flat, semi-circular leading edge plate, Yang and Voke 
(2001) performed two simulations with spanwise lengths of 2D and 4D. They compared 
the results of each of these simulations and reported that there was no appreciable change 
in the flow behaviour in either. The difference in the time-averaged statistics was less 
than 5%. For similar geometry and Reynolds number, Langari and Yang (2013) used the 
spanwise dimension of 8D. In this study, it was good agreement between magnitudes of 
the flow mean variables in Yang and Voke (2001), who used 2D as the spanwise length, 
and Langari and Yang (2013), who used 8D as the spanwise length, indicating that there 
is no notable effect of the spanwise length on the flow properties.  
In addition, Cherry et al. (1984) reported that effect of the spanwise length is weak on the 
mean reattachment length, where Reynolds number plays a significant role. So, 4D, as 
the spanwise length for the flat plate, is sufficient to simulate transitional separated-
reattached flow. 
To determine whether the spanwise length (4D) in the computational domain for 
3D_case1 and 3D_case2 is sufficient to predict the flow features, two additional lengths 
were added to the spanwise dimension in the computational box to perform two additional 
simulations with longer spanwise lengths of 8D and 10D. Additional cells were added to 
the mesh to maintain the cells sizes between the two simulations, i.e. cells number in the 
spanwise direction became 168 for the spanwise length of 8D and 210 for the spanwise 
length of 10D.  
Comparisons among the flow mean variables in the three simulations, which were with 
4D, 8D and 10D as the spanwise lengths of the computational domains, for both 3D_case1 
and 3D_case2 showed that there was no discernible difference in the mean first-order 
quantities and the mean second-order quantities presented a maximum difference of 
around 3%. Clearly, these comparisons indicated that there was no particular difference 
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between the magnitudes of the mean flow variables for the spanwise lengths of 8D and 
10D.  
This indicates that there is no appreciable effect of spanwise length on the flow 
characteristics of the three-dimensional geometry. Hence, 4D, as the spanwise dimension 
in the computational domain for 3D_case1 and 3D_case2, is sufficient in the current 
study. 
3.3 Turbulent inflow generation methods  
The accurate numerical generation of free-stream turbulence, which provides realistic 
turbulent fluctuations at the inlet of the computational domain for LES, is a difficult task 
(Yang and Abdalla, 2009; Yang, 2013; 2015). Achieving the desired free-stream 
turbulence is a considerable challenge because the inlet flow must include a 
stochastically-varying component: ideally this component should ‘look’ like turbulence 
whilst at the same time be as simple as possible to implement and modify (Tabor and 
Baba-Ahmadi, 2010). Yang (2013; 2015) reported that in LES at inflow boundary, unlike 
the RANS computations where only time-averaged information is required that can be 
usually specified according to experimental data, three components of instantaneous 
velocity need to be specified at each time step, which should have characteristics, such as 
stochastically varying, with scales down to the filter scale (spatially and temporally), 
compatible with the Navier–Stokes equations and turbulent structures (turbulence 
intensities, length scales, spectrum etc.). 
In General, the current methods to generate turbulent inflow boundary conditions in LES 
can be classified into two basic categories: precursor methods and synthesis methods 
(Tabor and Baba-Ahmadi, 2010; Yang, 2013; 2015).  
In synthesis methods, some form of random fluctuation is generated / manipulated and 
combined with the given mean flow at the inlet. For more details about available synthesis 
methods, the reader is referred to Tabor et al. (2004), Keating et al. (2004), Tabor and 
Baba-Ahmadi (2010), Pokora et al. (2011), and Yang (2013; 2015). However, Yang 
(2013; 2015) reported that no one of the synthesis methods can generate inflow free 
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stream turbulence with all the desired characteristics, such as intensity, shear stresses, 
length scales and a power spectrum. 
In precursor methods (pre-prepared library generation), an additional simulation 
(precursor simulation) is performed as a source of turbulence and the required data are 
extracted from this simulation, stored, and fed as the input for the main simulation. Tabor 
and Baba-Ahmadi (2010) and Yang (2013; 2015) showed that the precursor technique 
generates highly realistic turbulence information at the inflow boundary, though a high 
computational cost is still a major disadvantage to use this technique. 
To save computational cost compared with the precursor method by avoiding the problem 
of large data storing, Lund et al. (1998) presented a method called the recycling-rescaling 
technique (concurrent library generation) that is applicable for incompressible flow. Lund 
et al. (1998) proposed to run the precursor calculation continuously in parallel with the 
main simulation. The basic idea of this method consists of taking a plane of velocity field 
from a location several boundary-layer thicknesses downstream of the inflow, and 
rescaling the velocity profiles. The rescaled velocity profiles are then reintroduced at the 
inlet. 
Tabor and Baba-Ahmadi (2010) reported that one disadvantage of the precursor methods, 
either a priori or concurrently, is the necessity to set up and run a separate calculation 
involving a separate mesh with the main computation. However, there is no reason why 
the precursor calculation cannot be integrated into the main domain with sampling 
downstream of the inlet being mapped back into the inlet, leading to avoid using an 
auxiliary calculation. This method is called the internal mapping, where in this method, 
the velocity a short distance downstream of the inlet to the main domain is sampled and 
the flow velocity data are reintroduced back into the domain inlet, creating an inlet section 
integrated into the main domain in which turbulence can develop. Merging the auxiliary 
calculation into the main domain as a mapping method, and using sophisticated feedback 
control techniques to drive the flow towards a desired state make this technique usable 
for LES simulations. This can easily be provided by correcting the mapped velocities 
within the inlet section of the main domain to ensure a constant target flux by a number 
of computational manipulations, including the introduction of artificial body forces, 
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modification of the mapped data, and direct correction of the velocity data (Villiers, 2006; 
Baba-Ahmadi and Tabor, 2009). 
It is worth pointing out that Baba-Ahmadi and Tabor (2009) referred that the internal 
mapping technique was implemented by de Villiers (2006). This method was used in 
Tabor et al. (2004), Baba-Ahmadi and Tabor (2009), and Tabor and Baba-Ahmadi (2010) 
within OF codes to simulate different applications. In these studies, good agreements 
between experimental results and simulated data were found. 
3.3.1 Turbulent inflow generation methods in OF   
In OF, there are two methods to generate turbulent inflow conditions: random inflow 
generator method and internal mapping method. In the current study, both methods are 
performed. 
In the case of a low intensity of free stream turbulence, the random inflow generator 
method is used by adding 0.01 as a small random disturbance to the inlet velocity to 
generate the low turbulence level (< 0.2%) in the incoming flow. 
To generate an elevated intensity of free-stream turbulence, the internal mapping method 
is used to generate a 3.7% intensity of free stream turbulence at the leading edge of the 
current geometries. This is carried out using additional streamwise length (8D) in the 
mesh of NFST, i.e., the distance from the inlet boundary to the leading edge of all 
geometries becomes 12.5D instead of 4.5D. In the additional region (inlet section), the 
mapping process takes place where remapping of the velocity from the end of the inlet 
section back to the domain inlet.   
Extension of the computational domain leads to the introduction of additional cells in the 
streamwise direction. In this case, the number of streamwise cells is increased from 198 
to 278, i.e., additional 80 streamwise cells are used in the inlet section and distributed 
uniformly in both the streamwise and spanwise directions whilst maintaining the original 
wall-normal distribution. 
A similar time step, ∆t = 2×10-6 s, that is used in the simulation for NFST is applied here. 
The simulation ran for about 8 flow passes through the domain (140,000 time steps) 
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before gathering the time-averaged results. The time-averaged results are gathered over 
approximately 23 further flow passes through the domain (400,000 time steps). The total 
runtime for the simulation is 1.08 s corresponding to about 31 flow passes or residence 
times. 
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Chapter Four 
              OF Code Validation and Results 
 
4.1 OF code validation 
In order to validate the current OF code, mean values of the flow variables over the flat 
plate for NFST are compared with available experimental results and numerical simulated 
data. The geometry and Reynolds number of the flat plate are similar to those used in the 
experimental work of Castro and Epik (1998) and the numerical study of Yang and 
Abdalla (2009).  
In the work of Castro and Epik (1998), the blockage ratio was higher than the present 
blockage ratio and a flap was used to control the reattachment length. It should be noted 
that the main purpose of the experimental work of Castro and Epik (1998) was to study 
the recovery of the turbulent boundary layer after the reattachment, where the results for 
the separation bubble were limited. So, the results of another piece of experimental work, 
as reported by Kiya and Sasaki (1983), were also chosen for the comparison. Kiya and 
Sasaki (1983) investigated turbulent separated-reattached flow on a blunt flat plate with 
a Reynolds number of 26 × 103, which is higher than the current Reynolds number. There 
was no transition within this experimental work and the blockage ratio was also higher 
than the current blockage ratio.  
An important parameter in the separated-reattached flow is the mean reattachment length 
(xR), which is a distance bounded by the separation and mean reattachment points.  Le et 
al. (1997) defined the mean reattachment point as the streamwise location at the first grid 
point away from the wall where the value of the mean streamwise velocity equals zero 
(Um = 0). The mean velocity is defined as 
                                                            𝑈𝑈𝑚𝑚 =  1𝑛𝑛  ∑ 𝑢𝑢𝑖𝑖𝑛𝑛𝑖𝑖=1                                                 (4-1) 
where n is the number of time steps. 
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The profile of the mean streamwise velocity at the first cell away from the wall along the 
streamwise direction for the flat plate is shown in Fig. 4-1. It is clear from this figure that 
the mean reattachment length is xR = 6D.  
The mean reattachment length can also be identified by investigating skin friction 
coefficient Cf, where the separation and reattachment points are the locations of the zero 
mean skin friction coefficient. Skin friction coefficient is defined by: 
                                                               𝐶𝐶𝑓𝑓 = 𝜏𝜏𝑤𝑤1
2
 𝜌𝜌𝑈𝑈02                                                       (4-2)   
where ρ is the fluid density, U0 is the free stream velocity, and 𝜏𝜏𝑤𝑤 is the wall shear stress, 
which given in equation (3-14). 
The distribution of the mean skin friction coefficient as a function of streamwise distance 
for the flat plate, which is normalized by both the geometry thickness and the mean 
reattachment length, is shown in Fig. 4-2. The initial flat part of the mean skin friction 
coefficient profile after the separation point refers to the dead air region in the separation 
bubble. A larger negative mean skin friction coefficient corresponds to the reverse flow 
vortex region. The mean skin friction coefficient attains a minimum value of -0.74 ×10-2 
at x/xR = 0.745 and increases rapidly thereafter. Its value becomes zero at about x/D = 6 
indicating that the time-averaged reattachment length is 6D for the flat plate. 
For a turbulent separated-reattached flow, Djilali and Gartshore (1991) and Tafti and 
Vanka (1991) reported that the minimum mean skin friction coefficient was at x/xR = 0.63 
and 0.7, respectively. This is in good agreement with the current location if the difference 
in the separated flow nature is considered.  
The mean reattachment length (6D) for the flat plate in the current study is lower than 
7.7D, which was the separation bubble mean length found by Castro and Epik (1998). 
This can be considered as constituting good agreement between each of these studies, 
taking into account the effects of the flap and higher blockage ratio in Castro and Epik 
(1998).  
The mean reattachment length of the flat plate is also lower than 6.5D, which was the 
predicted mean reattachment length in Yang and Abdalla (2009). However, good 
agreement can be shown between these studies if the different characteristics of the 
Chapter four                                                                                                           OF Code Validations and Results 
57 
 
current OF code and the FORTRAN code that was used by Yang and Abdalla (2009) are 
taken into considered. In addition, the simulated time-averaged variables of the flow in 
Yang and Abdalla (2009) were collected by an averaging process for the samples taken 
every 10 time steps, while in the current OF code this averaging process is carried out for 
samples taken at each time step. Hence, the current results may be more accurate than 
those reported by Yang and Abdalla (2009). Moreover, the difference between the 
numerical schemes of the current PISO algorithm and the algorithm used by Yang and 
Abdalla (2009) may be another reason for the difference in the mean reattachment lengths 
in each of these studies. 
The mean reattachment length in the experiment of Kiya and Sasaki (1983) was 5.05D, 
which is lower than the mean reattachment length of the flat plate. However, this 
experimental work was conducted for a fully turbulent separated flow with a higher 
Reynolds number (26 × 103).  
It is interesting to note that by decreasing the Reynolds number below of 30 × 103, the 
separation bubble’s mean length increases (Cherry et al., 1984). Sasaki and Kiya (1991) 
found in their experiment that within a range of Reynolds numbers between 80 and 800, 
the mean reattachment length was as a function of the Reynolds number. Moreover, Lane 
and Loehrke (1980) concluded that with a range of low Reynolds numbers, the mean 
reattachment length decreases with increasing Reynolds number. With a high Reynolds 
number was held in the range of 3.2 × 104 ± 0.2 × 104, Cherry et al. (1984) reported a 
value of 4.9D ± 0.05D as the mean reattachment length. This length was 6.3D in Tafti 
and Vanka (1991) with a lower Reynolds number (1 × 103). Djilali and Gartshore (1991) 
measured 4.7D as the mean reattachment length on a flat plate with a splitter plate with a 
Reynolds number of 50 × 103. 
In general, the above studies refer to the fact that the mean reattachment length decreases 
as Reynolds number increases. Accordingly, there is excellent agreement between this 
fact and the mean reattachment length for the flat plate in terms of the comparison 
between the study conducted by Tafti and Vanka (1991) (with a Reynolds number of 1 × 
103), the current study (with a Reynolds number of 6.5 × 103) and the work of Kiya and 
Sasaki (1983) (with a Reynolds number of 26 × 103). The mean reattachment lengths 
found in these studies are 6.3D, 6D, and 5.05D, respectively. It can be observed that the 
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mean reattachment length decreases with increasing Reynolds number in these studies. 
This indicates that the mean reattachment length of the flat plate is comparable to the 
relationship between its value and the Reynolds numbers presented in the literature. 
  
 
Fig. 4-1. Profile of the mean streamwise velocity at the first cell away from the wall normalized by the 
inflow velocity along the streamwise direction for the flat plate with NFST 
 
 
Fig. 4-2. Profile of the mean skin friction coefficient along the streamwise direction for the flat plate with 
NFST 
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Profiles of the time-averaged values of the flow for all geometries used in the current 
study are plotted at six corresponding values of x/xR = 0.2, 0.4, 0.6, 0.8, 1, and 1.2. The 
vertical axis is the wall-normal direction normalized by the mean reattachment length, 
which starts from the geometry surface. As shown in Fig. 3-4, the origin of wall-normal 
direction is the centre of the geometry. This location is shifted to be at the upper wall for 
all geometries in the present study. 
It is worth pointing out that comparisons of the results of the current study and other 
studies employ profiles that are plotted as functions of y/xR at corresponding values of 
x/xR, i.e., these comparisons are carried out at the same non-dimensionalized location 
(x/xR) but not at the same geometric location (x). 
For the flat plate, the profile of the time-averaged streamwise velocity, as normalized by 
the inlet velocity (Um/U0), is compared with results of Yang and Abdalla (2009) and Kiya 
and Sasaki (1983), as shown in Fig. 4-3. Despite the current peak at x/xR = 0.2 being 
slightly lower than the peak given by Yang and Abdalla (2009) at the same position, the 
current results are in good agreement with results of Yang and Abdalla (2009) at all other 
positions.  
However, there are some differences between the current results and experimental results 
in Kiya and Sasaki (1983). Three factors contribute to this difference. The first is the 
difference in nature of the separated flow, where in the current study it is laminar, it is 
turbulent in Kiya and Sasaki (1983). The second is the difference in the blockage ratios, 
where the current blockage ratio of 16 took a value of 20 in Kiya and Sasaki (1983). The 
third is the current Reynolds number is lower than the Reynolds number used in the 
experiment of Kiya and Sasaki (1983). The current low Reynolds number may lead to a 
stronger back flow in the recirculation region. This is shown at x/xR = 0.6 and 0.8, where 
the experimental minimum mean streamwise velocities are slightly higher than the 
current minimum mean streamwise velocities. 
In general, there is good agreement between the magnitudes of the current mean 
streamwise velocity and that presented in Yang and Abdalla (2009) and Kiya and Sasaki 
(1983). 
Mean square fluctuating velocity is defined by (for example in the streamwise direction): 
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                                                    𝑢𝑢𝑚𝑚′
2 = 1
𝑛𝑛
� (𝑢𝑢𝑖𝑖 − 𝑈𝑈𝑚𝑚)2𝑛𝑛𝑖𝑖=1                                          (4-3) 
The root mean square fluctuating streamwise velocity is normalized by the inlet velocity 
(u’rms/U0) profiles for the flat plate, as shown in Fig. 4-4. Despite there being slight 
differences in the peaks at the fourth and fifth positions, it can be observed that the current 
results for u’rms/U0 are in good agreement with the results of Yang and Abdalla (2009) at 
all locations. Experimental data reported by Kiya and Sasaki (1983) showed that the peak 
of u’rms/U0 is higher than the current peak at the first and second locations as shown in 
Fig. 4-4. This may be due to the reason of the nature of the separated flows, the blockage 
ratios and Reynolds numbers.  
Overall, the current results are close to the experimental results, indicating the acceptable 
prediction of the turbulence by the current OF code.  
The current maximum value of u’rms/U0 is 0.288 at x/xR = 0.8. At the same streamwise 
location, Yang and Abdalla (2009) reported 0.285 as the maximum value of u’rms/U0, 
whilst the measured maximum value of u’rms/U0 was reported as 0.26 in Kiya and Sasaki 
(1983). For a turbulent separated-reattached flow with a low Reynolds number, Tafti and 
Vanka (1991) showed that the maximum value of u’rms/U0 was 0.32 at x/xR = 0.7. With a 
higher Reynolds number, Djilali and Gartshore (1991) measured the maximum value of 
u’rms/U0 as being 0.3, at a point that was located upstream the mean reattachment line. 
Hence, it can be seen that the current maximum value of u’rms/U0 is within the range 
reported in the literature cited above. 
Profiles of root mean square fluctuating wall-normal velocity (v’rms) and Reynolds shear 
stress normalized by the inlet velocity for the flat plate are shown in Figs. 4-5 and 4-6, 
respectively. It is worth pointing out that the profiles of these time-averaged variables 
were presented only at the reattachment point (x/xR = 1) in Yang and Abdalla (2009), Kiya 
and Sasaki (1983) and Castro and Epik (1998). Therefore, the associated profiles in the 
current study are plotted without comparison at the other streamwise locations, as shown 
in Figs. 4-5 and 4-6.  
There is good agreement between the maximum current value of v’rms/U0 and that reported 
in Yang and Abdalla (2009) and Kiya and Sasaki (1983) at the mean reattachment point, 
especially for Yang and Abdalla (2009), as shown in Fig. 4-5. At this location, the 
Chapter four                                                                                                           OF Code Validations and Results 
61 
 
maximum value of v’rms/U0 in the current study is 0.21, which took a reported maximum 
value of about 0.2 in Yang and Abdalla (2009) and Kiya and Sasaki (1983). The current 
maximum value of this turbulent intensity is 0.211 at x/xR = 0.8, as shown in Fig. 4-5.  
The current Reynolds shear stress normalized by (U0)2 is slightly higher than that in Yang 
and Abdalla (2009) and lower than that in Kiya and Sasaki (1983) at the mean 
reattachment point, as shown in Fig. 4-6. At this location, the current maximum value of 
this shear stress is 0.017(U0)2, while it is 0.015(U0)2 in Yang and Abdalla (2009) and 
0.021(U0)2 in Kiya and Sasaki (1983). The current maximum value of the Reynolds shear 
stress is about 0.02(U0)2 at x/xR = 0.8 as shown in Fig. 4-6.  
In Figs. 4-4, 4-5, and 4-6, the current Reynolds normal and shear stresses at the mean 
reattachment point are also compared with the experimental data reported by Castro and 
Epik (1998), which were measured with the same current Reynolds number using the 
same current geometry. In this comparison, it can be seen that the current Reynolds 
stresses peaks are higher than those in Castro and Epik (1998). However, the difference 
between the current results and the experimental results of Castro and Epik (1998) 
probably arises for three reasons. The first is the different blockage ratios, where in Castro 
and Epik (1998) the blockage ratio is larger than the current blockage ratio by a factor of 
about four. The second is the flap that was used in Castro and Epik (1998) to control the 
reattachment length. The third is the data measured at the reattachment point in Castro 
and Epik (1998) were for a Reynolds number of 3.68 × 103 because of the upper velocity 
limit (6 m/s) on the miniature pulsed-wire probe. 
Castro and Epik (1998) noted that the value of the Reynolds stresses at a Reynolds number 
of 6.5 × 103 at the reattachment point were higher than those presented in Figs. 4-4, 4-5, 
and 4-6 by 12%. So, there is fair agreement between the current results and the data 
reported by Castro and Epik (1998). In addition, Hancock (1995) and Hillier and Cherry 
(1981a) reported that an increase in Reynolds number leads to an increase in Reynolds 
stresses values at the reattachment. This confirms the agreement between results in the 
current study and Castro and Epik’s (1998) work.  
Overall, the agreement between the current OF results and other studies’ results used for 
the above comparisons for the flat plate are reasonably good. This is encouraging, as we 
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can conclude that the current OF code gives reasonably accurate results and can thus be 
reliably used to simulate transitional separated-reattached flows, and can be expected to 
extend to three-dimensional geometries.  
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Fig. 4-3. Profiles of the mean streamwise velocity for the flat plate with NFST. Present results: solid line; 
Yang and Abdalla (2009): circles; Kiya and Sasaki (1983): triangles  
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Fig. 4-4. Profiles of the root mean square fluctuating streamwise velocity for the flat plate with NFST. 
Present results: solid line; Yang and Abdalla (2009): circles; Kiya and Sasaki (1983): triangles; Castro 
and Epik (1998): squares  
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Fig. 4-5. Profiles of the root mean square fluctuating wall-normal velocity for the flat plate with NFST. 
Present results: solid line; Yang and Abdalla (2009): circles; Kiya and Sasaki (1983): triangles; Castro 
and Epik (1998): squares  
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Fig. 4-6. Profiles of the Reynolds shear stress for the flat plate with NFST. Present results: solid line; 
Yang and Abdalla (2009): circles; Kiya and Sasaki (1983): triangles; Castro and Epik (1998): squares  
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4.2 Results for NFST 
4.2.1 Mean variables of the flow 
As shown in the literature review, the current study is the first to present the results of a 
transitional separated-reattached flow over a three-dimensional geometry. To the best of 
the author’s knowledge, there are no results of such a geometry being presented in the 
literature to date. Therefore, the mean values of variables of the flow for 3D_case1 and 
3D_case2 are presented here without the possibility for any comparison with other work. 
In addition, the other mean values of variables of transitional separated-reattached flow 
for the flat plate that are not presented in the previous section will be presented herein, 
such as the mean wall-normal velocity and the mean pressure coefficient. The aims of 
this section are to present a database by which subsequent studies can be validated, as 
well as to compare the flow mean variables for all geometries used in the current study.  
The distribution of the mean streamwise velocity at the first cell away from the wall along 
the streamwise direction for 3D_case1 and 3D_case2 are plotted in Figs. 4-7 and 4-8, 
respectively. It is clear shown that the mean reattachment length is xR = 3.4D for 
3D_case1 and xR = 3.95D for 3D_case2. Therefore, it can be concluded that the increase 
in aspect ratio of the three-dimensional geometry from 1 to 2 leads to an increase of the 
mean reattachment length by about 0.55D. 
 
Fig. 4-7. Profile of the mean streamwise velocity at the first cell away from the wall normalized by the 
inflow velocity along the streamwise direction for 3D_case1 with NFST 
Chapter four                                                                                                           OF Code Validations and Results 
68 
 
   
Fig. 4-8. Profile of the mean streamwise velocity at the first cell away from the wall normalized by the 
inflow velocity along the streamwise direction for 3D_case2 with NFST 
 
The mean reattachment length magnitude can be also shown by profile for the mean skin 
friction coefficient, which is presented in Fig. 4-9 for 3D_case1 and Fig. 4-10 for 
3D_case2.  
 
 
Fig. 4-9. Profile of the mean skin friction coefficient along the streamwise direction for 3D_case1 with 
NFST 
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Fig. 4-10. Profile of the mean skin friction coefficient along the streamwise direction for 3D_case2 with 
NFST 
 
The minimum value of the mean skin friction coefficient is -0.8 ×10-2 at x/xR = 0.764 for 
3D_case1, which decreases to -0.81 ×10-2 at x/xR = 0.7 for 3D_case2, as shown in Figs. 
4-9 and 4-10. For the flat plate, the profile of the mean skin friction coefficient attains the 
bottom with a value of -0.74 ×10-2 at x/xR = 0.745, as shown in Fig. 4-2. This is in 
relatively good agreement regarding the minimum value of the mean skin friction 
coefficient and the location at which it occurs among the three geometries indicating that 
there is no considerable effect of the nature of the geometry on the mean skin friction 
coefficient.  
It is worth pointing out that the symbol (xR) shown in all figures of the current study 
denotes different values depending on the geometry, i.e., xR is 6D for the flat plate figures, 
3.4D for 3D_case1 figures, and 3.95D for 3D_case2 figures with NFST. 
Mean streamwise velocity profiles for 3D_case1 and 3D_case2 are shown in Figs. 4-11 
and 4-12, respectively. For both three-dimensional geometries, the minimum mean 
streamwise velocity in the vicinity of the wall and within the recirculation zone is 
approximately similar to that for the flat plate. However, the minimum mean streamwise 
velocity is within the range from -0.3U0 to - 0.32U0 in the region extending from x/xR = 
0.6 to x/xR = 0.8 for all geometries. Despite the minimum mean streamwise velocity for 
the flat plate being slightly lower than this for both three-dimensional geometries, the 
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current study indicates that there is no noticeable effect of the nature of the geometry on 
the back-flow magnitude. 
Reynolds stresses profiles for 3D_case1 and 3D_case2 are presented in Figs. 4-13 and 4-
14 for u’rms/U0, Figs. 4-15 and 4-16 for v’rms/U0 and Figs. 4-17 and 4-18 for the shear 
stress. It can be seen that the maximum values of these variables for 3D_case2 are slightly 
higher than those for 3D_case1.  
For all geometries, peaks in profiles of Reynolds normal and shear stresses along the 
streamwise direction are zero at the separation, after which they start to grow downstream. 
The highest peaks are for Reynolds normal stresses in the streamwise direction. However, 
the highest peaks in the profiles of Reynolds stresses are in the second half of the 
separation bubble at a position just before the mean reattachment line. This indicates that 
violent three-dimensional motions and nonlinear flow development take place in the 
second half of the separation bubble. This behaviour is comparable to that described in 
Yang and Voke (2001) for transitional separated-reattached flow over a flat plate with a 
semi-circular leading edge. 
Inspection of Reynolds stresses profiles for all geometries reveals that the maximum 
values of these variables for the flat plate are higher than those for both three-dimensional 
geometries by about 20% - 25%. So, it can be concluded that the intensities of breakdown 
to turbulence, which is associated with violent three-dimensional motions and nonlinear 
flow development, in 3D_case1 and 3D_case2 are lower than that for the flat plate.   
Time-averaged wall-normal velocity normalized by the inlet velocity (Vm/U0) profiles for 
the flat plate, 3D_case1 and 3D_case2 are presented in Figs. 4-19, 4-20, and 4-21, 
respectively. It is believed that no measured or simulated results of the mean wall-normal 
velocity for a flat plate have to date been presented in the literature. So, the mean wall-
normal velocity for the flat plate is presented without comparison with other data.  
For all geometries, the minimum values of the mean wall-normal velocity are within the 
region bounded by x/xR = 0.6 to x/xR = 0.8, referring to the strong recirculation part of the 
separation bubble occurs in this region. However, the maximum mean wall-normal 
velocities for the flat plate are slightly higher than that for the other geometries.  
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Fig. 4-11. Profiles of the mean streamwise velocity for 3D_case1 with NFST 
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Fig. 4-12. Profiles of the mean streamwise velocity for 3D_case2 with NFST 
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Fig. 4-13. Profiles of the root mean square fluctuating streamwise velocity for 3D_case1 with NFST 
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Fig. 4-14. Profiles of the root mean square fluctuating streamwise velocity for 3D_case2 with NFST 
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Fig. 4-15. Profiles of the root mean square fluctuating wall-normal velocity for 3D_case1 with NFST 
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Fig. 4-16. Profiles of the root mean square fluctuating wall-normal velocity for 3D_case2 with NFST 
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Fig. 4-17. Profiles of the Reynolds shear stress for 3D_case1 with NFST 
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Fig. 4-18. Profiles of the Reynolds shear stress for 3D_case2 with NFST 
 
 
Chapter four                                                                                                           OF Code Validations and Results 
79 
 
  
   
   
Fig. 4-19. Profiles of the mean wall-normal velocity for the flat plate with NFST 
 
 
Chapter four                                                                                                           OF Code Validations and Results 
80 
 
  
    
Fig. 4-20. Profiles of the mean wall-normal velocity for 3D_case1 with NFST 
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Fig. 4-21. Profiles of the mean wall-normal velocity for 3D_case2 with NFST 
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The distribution of the mean surface pressure coefficient along the streamwise direction 
for the flat plate is shown in Fig. 4-22. The pressure coefficient (CP) is defined as: 
                                                            𝐶𝐶𝑃𝑃 = 𝑃𝑃−𝑃𝑃∞0.5𝜌𝜌𝑈𝑈02                                                        (4-4)   
where P is the static pressure at the point at which the pressure coefficient is being 
calculated and P∞ is the static pressure in the free stream.  
Although the experimental results for the mean surface pressure coefficient for 
transitional separated-reattached flow are not available in the literature, the current mean 
surface pressure coefficient is compared with the experimental results of Cherry et al. 
(1981b) for a turbulent separated-reattached flow on a flat plate with higher Reynolds 
number (32 × 103) based on the inflow velocity and plate thickness.  
Despite the current mean surface pressure coefficient being lower than that reported by 
Cherry et al. (1981b), its distribution along the streamwise direction is nevertheless 
comparable as shown in Fig. 4-22. However, this difference may be due to the different 
Reynolds numbers and the nature of the separated flow that lead to the current results 
showing larger pressure losses.  
The minimum mean surface pressure coefficient for the flat plate is at x/xR = 0.6, after 
which a rapid recovery takes place. The recovery completes after the mean reattachment 
at approximately x/xR = 1.3. 
Babu and Sarkar (2012) employed LES to simulate transitional separated-reattached flow 
over a similar geometry, and with a similar Reynolds number in Yang and Voke (2001). 
There was good agreement with the results of both studies. Babu and Sarkar (2012) 
presented the profile of the mean surface pressure coefficient which is very similar to the 
current profile of this coefficient, enhancing our belief in the accuracy of the provided 
results from the current OF code.  
For 3D_case1 and 3D_case2, the mean surface pressure coefficient profiles are plotted in 
Figs. 4-23 and 4-24, respectively. For 3D_case1, the minimum mean surface pressure 
coefficient is found at x/xR = 0.6, after which a rapid recovery takes place. The recovery 
completes after the mean reattachment at approximately x/xR = 1.5 as shown in Fig. 4-23. 
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For 3D_case2, the minimum mean surface pressure coefficient is at x/xR = 0.5 and whose 
magnitude is lower than that for 3D_case1, but higher than for the flat plate. Rapid 
recovery takes place after x/xR = 0.5, completes after the mean reattachment at 
approximately x/xR = 1.5 as shown in Fig. 4-24.  
For all geometries, the maximum mean surface pressure coefficient is located at about the 
mean reattachment point and its value in 3D_case2 is lower than that for 3D_case1 and 
higher than that for the flat plate. 
 
Fig. 4-22. Distribution of the mean surface pressure coefficient for the flat plate with NFST. Present 
results: solid line; Cherry et al. (1981b): circles 
  
 
Fig. 4-23. Distribution of the mean surface pressure coefficient for 3D_case_1 with NFST 
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Fig. 4-24. Distribution of the mean surface pressure coefficient for 3D_case_2 with NFST 
 
The simulated mean pressure coefficient profiles across the shear layer at different 
streamwise locations for the flat plate are compared with those presented by Tafti and 
Vanka (1991) as shown in Fig. 4-25. The numerical simulation performed by Tafti and 
Vanka (1991) was for a turbulent separated-reattached flow on a blunt flat plate with 
Reynolds number of 1×103. Excellent agreement between the current results and results 
of Tafti and Vanka (1991) can be seen at x/xR = 0.2 as shown in Fig. 4-25. However, at 
the other streamwise positions, peaks in the current mean pressure coefficient profiles are 
slightly higher than those in Tafti and Vanka (1991). This may be due to the difference 
of the Reynolds numbers and the nature of the separated flow in each of these studies. It 
is clear shown that the mean pressure coefficient profile becomes much more uniform 
after the reattachment and the mean pressure coefficient recovery is nearly complete after 
x/xR = 1.2 as shown in Fig. 4-25.    
A similar scenario is found for 3D_case1 and 3D_case2, where the mean pressure 
coefficient profile becomes much more uniform after the mean reattachment location, as 
shown in Fig. 4-26 for 3D_case1 and Fig. 4-27 for 3D_case2.  
It is interesting to note that the maximum pressure losses in the flat plate are higher than 
those in 3D_case2. However, the maximum pressure losses in 3D_case2 are higher than 
those in 3D_case1 as shown in Figs. 4-25, 4-26 and 4-27.  
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Fig. 4-25. Profiles of the mean pressure coefficient for the flat plate with NFST. Present results: solid 
line; Tafti and Vanka (1991): circles 
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Fig. 4-26. Profiles of the mean pressure coefficient for 3D_case1 with NFST 
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Fig. 4-27. Profiles of the mean pressure coefficient for 3D_case2 with NFST 
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The time-averaged velocity streamlines, velocity vectors, and streamwise velocity 
contours for the flat plate, 3D_case1, and 3D_case2 at the mid-distance of the spanwise 
direction (z/D = 2) are shown in Figs. 4-28, 4-29, and 4-30, respectively.  
For all geometries used in the current study, the mean separation bubble is similar to a 
separation bubble for separated-reattached steady laminar flow with different 
reattachment lengths. It is clear to see that a single separation bubble starts from the 
leading edge at x/D = 0 and ends downstream at about x/D = 6 for the flat plate, x/D = 3.4 
for 3D_case1, and x/D = 3.95 for 3D_case2.  
In general, the size of the separation bubble in terms of height and length for the flat plate 
is much larger than that in each of the three-dimensional geometries. Despite the 
reattachment length being close in 3D_case1 and 3D_case2, where the difference is just 
x/D = 0.55, the separation bubble size in 3D_case2 is still larger than that for 3D_case1. 
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Fig. 4-28. Mean velocity streamlines, velocity vectors, and streamwise velocity contours for the flat plate 
with NFST 
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Fig. 4-29. Mean velocity streamlines, velocity vectors, and streamwise velocity contours for 3D_case1 
with NFST 
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Fig. 4-30. Mean velocity streamlines, velocity vectors, and streamwise velocity contours for 3D_case2 
with NFST 
 
4.2.2 Transition process 
The transition process for the flat plate and the other two geometries are illustrated in 
Figs. 4-31, 4-32, and 4-33 using the x-y plane of the instantaneous spanwise vorticity at 
the mid spanwise distance, as taken at three arbitrary times. The vorticity snapshot at 
different z-planes looks very similar.  
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At the beginning of the separation bubble that formed for all geometries, a two-
dimensional laminar free shear layer starts at the geometry leading edge and develops 
with the formation of a two-dimensional spanwise vorticity. Instability in the free shear 
layer via an inviscid Kelvin-Helmholtz instability mechanism (will be shown in Chapter 
5) leads to the formation of two-dimensional spanwise structures called Kelvin-
Helmholtz rolls. The growth rates of a Kelvin-Helmholtz instability are typically much 
higher than the growth rates of a Tollmien-Schlichting instability in an attached boundary 
layer.  
Further downstream, the free shear layer rolls up and Kelvin-Helmholtz rolls develop and 
distort to form the three-dimensional streamwise vortices associated with significant 
three-dimensional motions of the flow. Furthermore, at close to the reattachment location, 
the three-dimensional structures break down into smaller turbulent structures and shed to 
the turbulent reattached boundary layer, which develops rapidly. 
In the case of three-dimensional geometries, four separation bubbles are constructed on 
the top, down, and sides surfaces of these geometries. Instantaneous magnitude vorticity 
isosurfaces for both three-dimensional geometries are plotted in Figs. 4-34 for 3D_case1 
and 4-35 for 3D_case2. It is clear to show that there is a two-dimensional laminar 
separated layer that starts from the leading edge of each surface. Similarly, each of these 
layers distorts at the location where the transition starts. Distortion of the free shear layers 
grows gradually and at a specific location, these layers break down into a violent three-
dimensional flow. Further downstream, the reattachment takes place and a turbulent 
reattached boundary layer develops toward the outlet boundary of the computational box.  
It is observed that there is no considerable difference in locations of the flow development 
stages for each surface of each of the three-dimensional geometries. Further details about 
the flow development on the flat plate and on the top and side surfaces of both three-
dimensional geometries are given in Chapter 7. 
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Fig. 4-31. The x-y plane of instantaneous spanwise vorticity at three arbitrary times for the flat plate with 
NFST 
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Fig. 4-32. The x-y plane of instantaneous spanwise vorticity at three arbitrary times for 3D_case1 with 
NFST 
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Fig. 4-33. The x-y plane of instantaneous spanwise vorticity at three arbitrary times for 3D_case2 with 
NFST 
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Fig. 4-34. Vorticity magnitude isosurface on the top and side surfaces of 3D_case1 with NFST 
 
 
 
Fig. 4-35. Vorticity magnitude isosurface on the top and side surfaces of 3D_case2 with NFST 
 
 
4.2.3 Instantaneous reattachment length 
Instantaneous streamwise velocity contours in the x-y plane at z/D = 2, as taken at three 
arbitrary times for the flat plate, 3D_case1, and 3D_case2, are shown in Figs. 4-36, 4-37, 
and 4-38, respectively. It can be found that the instantaneous flow is particularly unsteady 
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around the time-averaged reattachment line and that the instantaneous reattachment point 
is highly random.  
Variation of the instantaneous reattachment length (xi) normalised by the mean 
reattachment length (xR) is shown in Fig. 4-39 for the flat plate, Fig. 4-40 for 3D_case1 
and Fig. 4-41 for 3D_case2. The maximum and minimum instantaneous reattachment 
lengths are approximately ximax. = 1.33xR and ximin. = 0.81xR for the flat plate, ximax. = 1.15xR 
and ximin = 0.79xR for 3D_case1, and ximax. = 1.22xR and ximin = 0.75xR for 3D_case2. 
Hence, the difference between the maximum and minimum instantaneous reattachment 
lengths is 0.52xR (52% of the mean reattachment length) for the flat plate, 0.36xR (36% of 
the mean reattachment length) for 3D_case1, and 0.47xR (47% of the mean reattachment 
length) for 3D_case2. 
Eaton and Johnston (1981) showed that there is a difference in the instantaneous 
reattachment length for a separated flow over a backward-facing step. Gartshore and 
Savill (1982) reported a variation in the instantaneous reattachment length for a separated 
flow over a flat plat combined with a splitter plate geometry. They found that the 
instantaneous reattachment length can be increased up to 50% of the mean length of the 
separation bubble.  
The current ratios of the movement of the instantaneous reattachment length to the mean 
reattachment length for the flat plate and 3D_case2 are in good agreement with the results 
of Gartshore and Savill (1982) and Yang and Voke (2001).  
However, the unsteadiness in the instantaneous reattachment length in both three-
dimensional geometries is lower than that for the flat plate. In addition, the movement of 
the instantaneous reattachment length in 3D_case2 is greater than that in 3D_case1, 
indicating that the width to thickness ratio of the three-dimensional geometry may have 
an influence on the unsteadiness in the instantaneous reattachment length. This may be 
due to the difference in the shape and size of the existing flow structures being shed from 
the separation bubble in both geometries. Further details about flow structures are 
discussed in Chapter 7. 
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Fig. 4-36. Instantaneous streamwise velocity contours at three arbitrary times for the flat plate with NFST 
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Fig. 4-37. Instantaneous streamwise velocity contours at three arbitrary times for 3D_case1 with NFST 
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Fig. 4-38. Instantaneous streamwise velocity contours at three arbitrary times for 3D_case2 with NFST 
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Fig. 4-39. Variation of the instantaneous reattachment length for the flat plate with NFST 
 
 
Fig. 4-40. Variation of the instantaneous reattachment length for 3D_case1 with NFST 
 
 
Fig. 4-41. Variation of the instantaneous reattachment length for 3D_case2 with NFST 
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4.3 Results for FST 
4.3.1 Mean variables of the flow 
The mean reattachment length for the flat plate in the presence of a 3.7% intensity of free 
stream turbulence is 4.2D, as shown in Fig. 4-42 that respectively presents the profiles of 
the mean streamwise velocity at the first cell away from the wall for the flat plate. Hence, 
the current elevated intensity of free stream turbulence leads to a reduction in the mean 
length of the separation bubble by 30%, which is consistent with that reported in the 
literature. 
Due to the presence of an elevated intensity of free stream turbulence, a reduction in the 
mean reattachment length has been reported in numerous studies. Nakamura and Ohys 
(1983; 1984; 1986) demonstrated this for a flow over different geometries. For a flow 
over a blunt flat plate, upstream movement of the location of the mean reattachment line 
was presented in Hillier and Cherry (1981b), Nakamura and Ozono 1987, Yang and 
Abdalla (2009), Kurelek and Yarusevych (2016). Castro and Haque (1988) observed the 
reduction of the mean reattachment length for a separated-reattached flow over a flat plate 
connected to a splitter plate. A similar observation was documented in Langari and Yang 
(2013) for the flow separation observed over a semi-circular leading edge of a flat plate.  
For a separated-reattached flow induced by effect of an adverse pressure on a flat plate, 
the reduction in the mean reattachment length was documented by Kalter and Fernholz 
(2001), Halfon et al. (2004) and Simoni et al. (2017).  
All these studies support the idea that an elevated intensity of free stream turbulence 
reduces the separation bubble mean length. 
Abdalla and Yang (2009) reported a 14% reduction in the separation bubble mean length 
for a transitional separated-reattached flow on a blunt flat plate when intensity of free 
stream turbulence increased from less than 0.2% to 2%. For a similar flow but over a flat 
plate with a semi-circular leading edge, an increase in intensity of free stream turbulence 
from less than 0.2% to 5.6% reduced the mean reattachment length by about 60% in 
Langari and Yang (2013). This is considered to be in good agreement with the current 
study and Abdalla and Yang (2009) and Langari and Yang (2013) because the current 
elevated intensity of free stream turbulence (3.7%) is between the values used in these 
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two studies and the reduction of the current separation bubble mean length (30%) is also 
between the values reported in these two studies. So, it can be concluded that the current 
OF code can account for a high intensity of free stream turbulence and predict transitional 
separated-reattached flow accurately. 
A comparison between the mean skin friction coefficient distribution for the flat plate 
with NFST and FST is presented in Fig. 4-43. It is clear that in the FST separation bubble, 
the dead air region distance is shorter, and the minimum mean skin friction coefficient is 
slightly lower than that with NFST. 
 
Fig. 4-42. Distribution of the mean streamwise velocity at the first cell away from the wall normalized by 
inflow velocity along the streamwise direction for the flat plate. With FST: solid line; with NFST: dashed 
line 
    
Fig. 4-43. Distribution of the mean skin friction coefficient along the streamwise direction for the flat 
plate. With FST: solid line; with NFST: dashed line 
Chapter four                                                                                                           OF Code Validations and Results 
104 
 
For 3D_case1, the mean reattachment length for FST becomes 2.5D with a reduction of 
26.47% compared with NFST, as shown in Fig. 4-44 that presents the profile of the mean 
streamwise velocity at the first cell away from the wall for this geometry.  
The distribution of the mean skin friction coefficient for 3D_case1, as shown in Fig. 4-
45, shows that for FST the dead air region length is shorter, and the minimum mean skin 
friction coefficient is slightly lower, than those for NFST.  
 
 
Fig. 4-44. Distribution of the mean streamwise velocity at the first cell away from the wall normalized by 
inflow velocity along the streamwise direction for 3D_case1. With FST: solid line; with NFST: dashed 
line 
    
Fig. 4-45. Distribution of the mean skin friction coefficient along the streamwise direction for 3D_case1. 
With FST: solid line; with NFST: dashed line 
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For 3D_case2, the separation bubble mean length for FST reduces to 3.1D, i.e., there is a 
reduction in the mean reattachment length of about 21.5% compared with NFST as shown 
in Fig. 4-46, that presents the profile of the mean streamwise velocity at the first cell away 
from the wall.  
The distribution of the mean skin friction coefficient for 3D_case2 with FST, as shown 
in Fig. 4-47, illustrates a reduction in the dead air region length and the minimum value 
of the mean skin friction coefficient compared with NFST.   
 
 
Fig. 4-46. Distribution of the mean streamwise velocity at the first cell away from the wall normalized by 
inflow velocity along the streamwise direction for 3D_case2. With FST: solid line; with NFST: dashed 
line 
    
Fig. 4-47. Distribution of the mean skin friction coefficient along the streamwise direction for 3D_case2. 
With FST: solid line; with NFST: dashed line 
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In general, a 3.7% intensity of free stream turbulence decreases the separation by about 
30% for the flat plate, 26.47% for 3D_case1 and 21.5% for 3D_case2. In addition, the 
presence of this high level of disturbances reduces the dead air region distance and also 
the minimum value of the mean skin friction coefficient for all geometries.   
Time-averaged variables of the flow with FST are compared with the analogous results 
with NFST for all geometries as shown below. For the flat plate, a comparison with 
available published results is also carried out. This comparison is made with the results 
of simulations carried out by Yang and Abdalla (2009) and the experimental results 
recorded by Kiya and Sasaki (1983). Yang and Abdalla (2009) studied a transitional 
separation on a blunt flat plate with a 2% intensity of free stream turbulence and a 
Reynolds number of 6.5 × 103. For a similar geometry, Kiya and Sasaki (1983) performed 
an experiment for a turbulent separated-reattached flow with a Reynolds number of 26 × 
103. 
Mean variables for the flow associated with the flat plate are presented first in this section. 
As shown above, these variables are compared reasonably with the results of Yang and 
Abdalla (2009) and Kiya and Sasaki (1983) to confirm the veracity of the current OF code 
in simulating transitional separated-reattached flow in the presence of an elevated 
intensity of free stream turbulence.  
Results for 3D_case1 and 3D_case2 are presented with a comparison between just FST 
and NFST due to absence of any equivalent results for such geometries in the literature. 
It is worth pointing out that mean variables of the flow are presented here as functions of 
(y/xR) at streamwise positions normalized by (xR), i.e., comparisons are performed at the 
same non-dimensional streamwise locations (x/xR) but not at the same geometric locations 
(x).  
For the flat plate, the mean streamwise velocity normalized by the inlet velocity profiles 
at the six streamwise positions shown in Fig. 4-48. Despite the presence of a 3.7% 
intensity of free stream turbulence, there is no noticeable impact of this parameter on the 
mean streamwise velocity. In addition, it can be seen that there is good agreement 
between the current results and results of Yang and Abdalla (2009). However, in the first 
and second streamwise positions, the minimum mean streamwise velocity in Kiya and 
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Sasaki (1983) is lower than that reported in the current results as shown in Fig. 4-48. The 
reason for this difference is due to the separated turbulent flow in Kiya and Sasaki (1983) 
and also due to a higher Reynolds number. Moreover, the blockage ratio in Kiya and 
Sasaki (1983) was higher than the current blockage ratio. 
The root mean square fluctuating streamwise velocity normalized by the inlet velocity 
(u’rms/U0) profiles for the flat plate are shown in Fig. 4-49. At all streamwise positions, 
the maximum value of (u’rms) for FST is found to be higher than that for NFST. There is 
excellent agreement between the current results for FST and the results of Kiya and Sasaki 
(1983) at the first streamwise position as shown in Fig. 4-49. However, at the other 
streamwise positions, the current maximum value of (u’rms) is higher than that reported 
by Kiya and Sasaki (1983). Furthermore, it can be seen that at x/xR = 0.4 and beyond, the 
maximum value of (u’rms) in Kiya and Sasaki (1983) tends towards the current maximum 
value of (u’rms) for NFST more than for FST, especially, at x/xR = 0.4 as shown in Fig. 4-
49. 
A comparison between current FST results and the data recorded by Yang and Abdalla 
(2009) shows that the current maximum values of (u’rms) are higher than that in Yang and 
Abdalla (2009) at all streamwise positions, as shown in Fig. 4-49. This difference comes 
from different intensities of free stream turbulence in each of these studies. The current 
intensity of free stream turbulence is 3.7%, and is higher than that used by Yang and 
Abdalla (2009), which was 2%. Due to the higher intensity of free stream turbulence the 
flow becomes more chaotic in the current study, leading to an increase in intensity of 
(u’rms). Overall, good agreement is found between both studies. 
For all streamwise positions, the addition of a 3.7% intensity of free stream turbulence 
increases the maximum root mean square fluctuating wall-normal velocity (v’rms) by about 
10% - 40% as shown in Fig. 4-50. 
It is worth pointing out that v’rms was presented at just x/xR = 1 in Kiya and Sasaki (1983) 
and Yang and Abdalla (2009). So, a comparison of v’rms between these studies and the 
current study is carried out at just this location, as shown in Fig. 4-50. Despite the 
maximum value of the current v’rms being higher than that reported in Kiya and Sasaki 
(1983), good agreement can be seen in Fig. 4-50 between the current results and results 
of Yang and Abdalla (2009).  
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In the current study, the maximum Reynolds shear stress increases by about 35% at x/xR 
= 0.8 due to the increase of intensity of free stream turbulence as shown in Fig. 5-51.  
Reynolds shear stress in Kiya and Sasaki (1983) and Yang and Abdalla (2009) was also 
presented at just x/xR = 1, so a comparison of the Reynolds shear stress profile is 
performed at the same location only, as shown in Fig. 5-51. It can be seen that good 
agreement between the current results and results of Yang and Abdalla (2009) is achieved, 
while the maximum Reynolds shear stress in Kiya and Sasaki (1983) is lower than that in 
the current study by about 27% as shown in Fig. 5-51.  
The comparison between the mean wall-normal velocity (Vm) from FST and NFST is 
shown in Fig. 5-52. Unfortunately, there are no studies available in the literature that 
present this variable as a basis for comparison. However, it can be seen that the maximum 
value Vm for FST is slightly higher than that for NFST at the first and second streamwise 
positions as shown in Fig. 5-52. At the other streamwise locations, the current study 
shows that there is no considerable difference in Vm when intensity of free stream 
turbulence increases to 3.7%. 
In general, the good agreement demonstrated in the above comparisons carried out 
between the results of the current study and those of Kiya and Sasaki (1983) and Yang 
and Abdalla (2009) is encouraging in terms of extending our investigation to the 
combined effects of elevated intensity of free stream turbulence and change of geometry 
aspect ratio on transitional separated-reattached flow.  
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Fig. 4-48. Profiles of the mean streamwise velocity for the flat plate. Present results with FST: solid line; 
present results with NFST: dashed line; Yang and Abdalla (2009) with 2% FST: circles; Kiya and Sasaki 
(1983): triangles  
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Fig. 4-49. Profiles of the root mean square fluctuating streamwise velocity for the flat plate. Present 
results with FST: solid line; present results with NFST: dashed line; Yang and Abdalla (2009) with 2% 
FST: circles; Kiya and Sasaki (1983): triangles 
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Fig. 4-50. Profiles of the root mean square fluctuating wall-normal velocity for the flat plate. Present 
results with FST: solid line; present results with NFST: dashed line; Yang and Abdalla (2009) with 2% 
FST: circles; Kiya and Sasaki (1983): triangles 
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Fig. 4-51. Profiles of the Reynolds shear stress for the flat plate. Present results with FST: solid line; 
present results with NFST: dashed line; Yang and Abdalla (2009) with 2% FST: circles; Kiya and Sasaki 
(1983): triangles 
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Fig. 4-52. Profiles of the mean wall-normal velocity for the flat plate. With FST: solid line; with NFST: 
dashed line 
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The mean streamwise velocities calculated from FST and NFST are presented in Fig. 4-
53 for 3D_case1 and Fig. 4-54 for 3D_case2. For both geometries, there is no a noticeable 
difference in the mean streamwise velocities with increasing intensity of free stream 
turbulence.   
For both three-dimensional geometries, an increase in intensity of free stream turbulence 
leads to only slight difference in the maximum value of the mean wall-normal velocity, 
as shown in Fig. 4-55 for 3D_case1 and Fig. 4-56 for 3D_case2. 
An increase in the maximum Reynolds stresses, due to the presence of a 3.7% intensity 
of free stream turbulence, for 3D_case1 is lower than that in 3D_case2 at all streamwise 
positions. As an example, the increase in u’rms is about 18% at x/xR = 0.8 for 3D_case1 
and about 22% for 3D_case2 at the same location, as shown in Fig. 4-57 for 3D_case1 
and Fig. 4-58 for 3D_case2, where a comparison between u’rms with high and low levels 
of intensity of free stream turbulence is illustrated.  
For v’rms, it can be observed that the increase in the maximum magnitude of this variable 
for 3D_case1 is about 14% at x/xR = 0.8, as shown in Fig. 4-59. For 3D_case2 at the same 
position, the increase in the maximum v’rms is about 30% as shown in Fig. 4-60. 
At x/xR = 0.8, the increase in the Reynolds shear stress for 3D_case1 is about 35% as 
shown in Fig. 4-61, and about 60% for 3D_case2 as shown in Fig. 6-62. 
Overall, for FST it can be seen that the maximum Reynolds normal and shear stresses for 
both three-dimensional geometries are lower than those presented for the flat plate by 
about 25% - 35%. Generally speaking, for the comparisons carried out for time-averaged 
variables of the flow with and without a high intensity of free stream turbulence for all 
geometries there is no noticeable increase in the mean velocities, whilst, the Reynolds 
stresses increase considerably.  
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Fig. 4-53. Profiles of the mean streamwise velocity for 3D_case1. With FST: solid line; with NFST: 
dashed line 
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Fig. 4-54. Profiles of the mean streamwise velocity for 3D_case2. With FST: solid line; with NFST: 
dashed line 
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Fig. 4-55. Profiles of the mean wall-normal velocity for 3D_case1. With FST: solid line; with NFST: 
dashed line 
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Fig. 4-56. Profiles of the mean wall-normal velocity for 3D_case2. With FST: solid line; with NFST: 
dashed line 
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Fig. 4-57. Profiles of the root mean square fluctuating streamwise velocity for 3D_case1. With FST: solid 
line; with NFST: dashed line 
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Fig. 4-58. Profiles of the root mean square fluctuating streamwise velocity for 3D_case2. With FST: solid 
line; with NFST: dashed line 
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Fig. 4-59. Profiles of the root mean square fluctuating wall-normal velocity for 3D_case1. With FST: 
solid line; with NFST: dashed line 
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Fig. 4-60. Profiles of the root mean square fluctuating wall-normal velocity for 3D_case2. With FST: 
solid line; with NFST: dashed line 
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Fig. 4-61. Profiles of the Reynolds shear stress for 3D_case1. With FST: solid line; with NFST: dashed 
line 
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Fig. 4-62. Profiles of the Reynolds shear stress for 3D_case2. With FST: solid line; with NFST: dashed 
line 
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In the previous figures, which illustrate the Reynolds shear stress with an elevated 
intensity of free stream turbulence for the current geometries, it is clear shown that the 
Reynolds shear stress is not zero at the first selected streamwise position (x/xR = 0.2) 
indicating that the flow in this location is not purely laminar. In order to present evidence 
to support a laminar flow at the separation line, the Reynolds stresses are plotted at a 
position very close to the separation line (x/xR = 0.075) as shown in Figs. 4-63, 4-64 and 
4-65 for the flat plate, 3D_case1 and 3D_case2, respectively. In these figures, it is clearly 
observed that value of the Reynolds shear stress is zero at x/xR = 0.075, which is certainly 
indicated that the flow is laminar at this streamwise position for all geometries. 
 
                     
 
Fig. 4-63. Profiles of Reynolds stresses at x/xR = 0.075 for the flat plate with FST 
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Fig. 4-64. Profiles of Reynolds stresses at x/xR = 0.075 for 3D_case1 with FST 
 
                     
   
Fig. 4-65. Profiles of Reynolds stresses at x/xR = 0.075 for 3D_case2 with FST 
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The mean surface pressure coefficient for the flat plate in the current study is compared 
with that presented in the experimental work of Cherry et al. (1981b) for FST and NFST 
cases. It is worth pointing out that in Cherry et al. (1981b), a turbulent separation on a 
blunt flat plate with a Reynolds number of 32 × 103 was investigated for FST and NFST. 
In this study, the disturbance level at the incoming flow was 6.5%. It should be noted that 
there are no experimental results for the mean surface pressure coefficient for a 
transitional separated-reattached flow available in the literature. So, even though in 
Cherry et al. (1981b) separated flow is turbulent and intensity of free stream turbulence 
is higher than that in the current study, the current mean surface pressure coefficient is 
compared with experimental results of Cherry et al. (1981b) for FST and NFST as shown 
in Fig. 4-66. 
Although there is good agreement between the distribution of the mean surface pressure 
coefficient with FST presented in the current study and the experimental work of Cherry 
et al. (1981b), the minimum value of the mean surface pressure coefficient in Cherry et 
al. (1981b) is much lower than that found in the current study as shown in Fig. 4-66. This 
difference comes from the difference in Reynolds numbers, intensity of free stream 
turbulence and the nature of the separated flow in each of these studies. However, there 
is no a noticeable difference in the current maximum and minimum mean surface pressure 
coefficients when the flow is studies via NFST or FST as shown in Fig. 4-66. In addition, 
in both instances of the flows, a rapid recovery of the profile of the mean surface pressure 
coefficient occurs before the mean reattachment point, and completes after the 
reattachment. 
Similar behaviour is observed for the profiles of the mean surface pressure coefficient, as 
can be seen for both three-dimensional geometries in Fig. 4-67 for 3D_case1 and Fig. 4-
68 for 3D_case2.         
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Fig. 4-66. Distribution of the mean surface pressure coefficient for the flat plate. Present results with FST: 
solid line; present results with NFST: dashed line; Cherry et al. (1981b) with NFST: circles; Cherry et al. 
(1981b) with 6.5% FST: triangles 
 
Fig. 4-67. Distribution of the mean surface pressure coefficient for 3D_case_1. With FST: solid line; with 
NFST: dashed line 
 
Fig. 4-68. Distribution of the mean surface pressure coefficient for 3D_case_2. With FST: solid line; with 
NFST: dashed line 
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Predicted mean pressure coefficient profiles across the shear layer at different streamwise 
locations for FST and NFST are shown in Fig. 4-69 for the flat plate, Fig. 4-70 for 
3D_case1, and Fig. 4-71 for 3D_case2. In general, the maximum difference in the mean 
pressure coefficient due to effects of a high intensity of free stream turbulence occurs at 
x/xR = 0.8 for all geometries, where a strong recirculation takes place. Further 
downstream, the mean pressure coefficient profile starts to recover. 
The time-averaged velocity streamlines, velocity vectors, and streamwise velocity 
contours with FST at the mid-distance of the spanwise direction (z/D = 2) are shown in 
Fig. 4-72 for the flat plate, Fig. 4-73 for 3D_case1, and Fig. 4-74 for 3D_case2. From a 
comparison with that found from NFST presented in Section 4.2.1 for all geometries, it 
can be seen that the reduction in the separation bubble mean length and height due to the 
presence of a 3.7% intensity of free stream turbulence are clearly visible.  
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Fig. 4-69. Profiles of the mean pressure coefficient for the flat plate. With FST: solid line; with NFST: 
dashed line 
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Fig. 4-70. Profiles of the mean pressure coefficient for 3D_case1. With FST: solid line; with NFST: 
dashed line 
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Fig. 4-71. Profiles of the mean pressure coefficient for 3D_case2. With FST: solid line; with NFST: 
dashed line 
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Fig. 4-72. Mean velocity streamlines, velocity vectors, and streamwise velocity contours for the flat plate 
with FST 
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Fig. 4-73. Mean velocity streamlines, velocity vectors, and streamwise velocity contours for 3D_case1 
with FST 
 
 
 
 
 
 
 
 
Chapter four                                                                                                           OF Code Validations and Results 
135 
 
 
 
 
 
 
Fig. 4-74. Mean velocity streamlines, velocity vectors, and streamwise velocity contours for 3D_case2 
with FST 
 
4.3.2 Transition process  
For all geometries in the current study, the transition process is presented by an x-y plane 
of instantaneous spanwise vorticity at the mid-spanwise direction when taken at three 
arbitrary times as shown in Fig. 4-75 for the flat plate, Fig. 4-76 for 3D_case1, and Fig. 
4-77 for 3D_case2.  
Comparing with the transition processes for the NFST case in Section 4.2.2, it can be 
observed that an elevated intensity of free stream turbulence leads to the early breakdown 
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of the free shear layer. In addition, the flow unsteadiness occurs earlier, speeding up the 
transition. This was also shown by Yang and Abdalla (2009) and Langari and Yang 
(2013). 
 
 
 
 
 
 
Fig. 4-75. The x-y plane of instantaneous spanwise vorticity at three arbitrary times for the flat plate with 
FST 
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Fig. 4-76. The x-y plane of instantaneous spanwise vorticity at three arbitrary times for 3D_case1 with 
FST 
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Fig. 4-77. The x-y plane of instantaneous spanwise vorticity at three arbitrary times for 3D_case2 with 
FST 
 
For both three-dimensional geometries, the instantaneous magnitude vorticity isosurface 
with FST is employed to present the transition process on the top and side surfaces of the 
geometry as exhibited in Fig. 4-78 for 3D_case1 and Fig. 4-79 for 3D_case2. As shown 
in these figures, there is no a considerable difference in locations of the flow development 
stages on either surface of these two three-dimensional geometries, i.e., streamwise 
locations of the transition start, three-dimensional flow development and reattachment 
are essentially identical. 
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Fig. 4-78. Vorticity magnitude isosurface on the top and side surfaces of 3D_case1 with FST 
 
 
 
Fig. 4-79. Vorticity magnitude isosurface on the top and side surfaces of 3D_case2 with FST 
 
 
4.3.3 Instantaneous reattachment length 
For all geometries, an instantaneous reattachment length with an elevated free stream 
turbulence intensity is plotted by instantaneous streamwise velocity contours in the x-y 
plane at z/D = 2 taken at three arbitrary times as shown in Fig. 4-80 for the flat plate, Fig. 
4-81 for 3D_case1, and Fig. 4-82 for 3D_case2. In a comparison with the results for NFST 
that are presented in Section 4.2.3, it is clear shown that the instantaneous size of the 
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separation bubble for the FST case is smaller, and the instantaneous reattachment length 
is highly unsteady around the mean reattachment line. 
 
 
 
 
 
 
Fig. 4-80. Instantaneous streamwise velocity contours at three arbitrary times for the flat plate with FST 
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Fig. 4-81. Instantaneous streamwise velocity contours at three arbitrary times for 3D_case1 with FST 
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Fig. 4-82. Instantaneous streamwise velocity contours at three arbitrary times for 3D_case2 with FST 
 
The variation in the instantaneous reattachment length (xi) normalised by the mean 
reattachment length (xR) is shown in Fig. 4-83 for the flat plate, Fig. 4-84 for 3D_case1, 
and Fig. 4-85 for 3D_case2. The maximum and minimum instantaneous reattachment 
lengths are about ximax. = 1.4xR and ximin. = 0.76xR for the flat plate, ximax. = 1.28xR and ximin 
= 0.84xR for 3D_case1, and ximax. = 1.35xR and ximin = 0.8xR for 3D_case2. Therefore, the 
differences between the maximum and minimum instantaneous reattachment lengths are 
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0.64xR (64% of the mean reattachment length) for the flat plate, 0.44xR (44% of the mean 
reattachment length) for 3D_case1, and 0.55xR (55% of the mean reattachment length) 
for 3D_case2.  
It can be seen that the unsteadiness in the instantaneous reattachment length for both 
three-dimensional geometries with FST is in good agreement with Gartshore and Savill 
(1982) while for the flat plate, this parameter is overpredicted compared to that presented 
in the literature. It is worth pointing out that there was no elevated intensity of free stream 
turbulence in the study of Gartshore and Savill (1982). Therefore, it is fair to predict that 
the unsteadiness in the instantaneous reattachment length in the flat plate is larger than 
that in Gartshore and Savill (1982). 
As shown in Section 4.2.3, the unsteadiness in the instantaneous reattachment length with 
NFST is 0.52xR for the flat plate, 0.36xR for 3D_case1, and 0.47xR for 3D_case2. It can 
be seen that the differences between the maximum and minimum instantaneous 
reattachment lengths with FST are higher than that for NFST. Therefore, it can be 
concluded that the randomness in instantaneous reattachment length with a high intensity 
of free stream turbulence is larger.  
 
 
Fig. 4-83. Variation of the instantaneous reattachment length for the flat plate with FST 
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Fig. 4-84. Variation of the instantaneous reattachment length for 3D_case1 with FST 
 
 
Fig. 4-85. Variation of the instantaneous reattachment length for 3D_case2 with FST 
 
4.4 Summary  
Current time-averaged variables of transitional separated-reattached flow over a blunt flat 
plate with NFST (< 0.2% intensity of free stream turbulence) and FST (3.7% intensity of 
free stream turbulence) are presented and compared in a reasonable fashion with available 
experimental and simulated data. The good agreements between the current results and 
the results of other studies are obtained from the comparisons described in this chapter, 
this is encouraging, as this gives us confidence in extending these studies to simulate such 
flows on three-dimensional geometries characterized by different aspect ratios (the width 
to thickness ratio of the geometry): 1 (3D_case1) and 2 (3D_case2). 
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It is believed that no similar or analogous results have been presented in the literature for 
any separated-reattached flow on a three-dimensional geometry. Hence, the current study 
is the first to examine the properties of transitional separated-reattached flow generated 
on a three-dimensional geometry with two levels of intensity of free stream turbulence (< 
0.2% and 3.7%). In addition, a comparison of the flow properties between the two-
dimensional flat plate and the two three-dimensional geometries is carried out.  
It is observed that the mean reattachment length for the flat plate is longer than that for 
both three-dimensional geometries when the flow is with NFST or FST. It has been shown 
that with FST, the reduction in the mean reattachment length is about 30% for the flat 
plate, 26.47% for 3D_case1 and 21.5% for 3D_case2. 
It is found that the minimum mean streamwise velocity for the flat plate is slightly lower 
than that for 3D_case1 and 3D_case2 for both disturbance levels. The maximum 
Reynolds stresses in the flat plate are higher than those for both three-dimensional 
geometries by about 20% - 25% for NFST, and 25%-35% for FST. However, peaks in 
the Reynolds stresses profiles for 3D_case2 are slightly higher than those for 3D_case1. 
Transition stages for all geometries have been illustrated using instantaneous spanwise 
vorticity contours at z/D = 2. For the flat plate with NFST, the transition stages are similar 
to those reported in Yang and Voke (2001) and Abdalla and Yang (2005). The separated 
laminar flow becomes unstable and spanwise vortices are formed due to an inviscid 
Kelvin-Helmholtz instability mechanism. Further downstream, the separated layer rolls 
up, and the Kelvin-Helmholtz rolls shed and travel downstream. These rolls develop to 
form three-dimensional streamwise vortices around the reattachment location. A 
breakdown of three-dimensional structures into relatively smaller structures then occurs 
within the turbulent reattached boundary layer.  
The transition stages for 3D_case1 and 3D_case2 are found to be similar to the above 
transition stages. In addition, there is no difference between locations of the flow 
development stages on the top and side surfaces of these geometries. 
Transition stages with FST for geometries used in the current study are similar to those 
presented for NFST, where it may be noticed that due to the presence of elevated intensity 
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of free stream turbulence, the flow unsteadiness occurred earlier, speeding up the 
transition and leading to the early breakdown of the separated shear layer.       
Unsteadiness in the instantaneous reattachment length relative to the mean reattachment 
length for NFST in the instances of the flat plate and 3D_case2 is in good agreement with 
that presented in various studies of different geometries, while in 3D_case1, the 
instantaneous reattachment length is underpredicted. Unsteadiness in the instantaneous 
reattachment length for FST for 3D_case1 and 3D_case2 is in good agreement with 
results presented in the literature, while the movement in the instantaneous length for the 
flat plate is overpredicted. For all geometries, the difference between the maximum and 
minimum instantaneous reattachment lengths with FST is higher than that with NFST, 
indicating that the randomness in the instantaneous reattachment length with a high 
intensity of free stream turbulence is greater. 
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Chapter Five 
              Primary Instability Mechanism 
 
5.1 Absolute and convective instability for NFST 
To investigate if any absolute instability region exists in the separation bubble in any 
geometry of the current study, instantaneous streamwise velocity profiles at four 
streamwise locations are taken at three arbitrary times as presented in Figs. 5-1, 5-2 and 
5-3 for the flat plate, 3D_case1 and 3D_case2, respectively. The instantaneous 
streamwise velocity is normalized against the inlet free stream velocity and plotted at x/xR 
= 0.2, 0.4, 0.6 and 0.8 to cover the separation bubble mean length.  
Alam and Sandham (2000) reported that the absolute instability is present when reverse 
flow amount in the instantaneous velocity profile exceeds 20%. As shown in Figs. 5-1, 5-
2 and 5-3, the reverse flow is lower than 20% and hence there is no absolute instability 
region in the separation bubble in any geometry of the current study, where all separation 
bubbles are properly classified as convectively unstable. 
 
                          
                                                     
Fig. 5-1. Instantaneous streamwise velocity profiles at three arbitrary times for the flat plate with NFST 
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Fig. 5-2. Instantaneous streamwise velocity profiles at three arbitrary times for 3D_case1 with NFST 
 
                               
                               
Fig. 5-3. Instantaneous streamwise velocity profiles at three arbitrary times for 3D_case2 with NFST 
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5.2 Unsteadiness location for NFST 
Before the separation line, and indeed even after this location in one specific region, the 
flow is laminar and two-dimensional for all geometries. This is clearly shown in Fig. 5-4 
for the flat plate, Fig. 5-5 for 3D_case1 and Fig. 5-6 for 3D_case2, which show 
isosurfaces of the instantaneous velocity components at two arbitrary times.  
For the flat plate, it can be seen that the flow is two-dimensional, where the spanwise 
velocity is zero until x/xR = 0.2 (corresponding to x/D = 1.2) as shown in Fig. 5-4. Further 
downstream the spanwise velocity appears, indicating the beginning of the initial 
unsteadiness in the free shear layer. Over the distance between x/xR = 0.2 and 0.45 (x/D = 
1.2 - 2.7), the unsteadiness develops slowly implying the low amplitude growth of 
disturbances. From x/xR = 0.45 onward, the growth of the disturbances becomes violent 
and the unsteadiness develops rapidly.  
The instantaneous velocity components for 3D_case1 plotted in Fig. 5-5 show that the 
flow is two-dimensional up to x/xR = 0.4 (corresponding to x/D = 1.36). Further 
downstream, there is an appearance of the spanwise velocity, which is an indication of 
the unsteadiness beginning in the free shear layer. It can be seen that the flow 
development becomes violent at x/xR = 0.6 onward where before this location, in the 
region that is bounded between x/xR = 0.4 and 0.6 (x/D = 1.36 - 2.04), the flow is relatively 
quiet, indicting linear development of the flow in this region. 
After the separation, the free shear layer in 3D_case2 retains a two-dimensionality nature 
without any distortion up to x/xR = 0.31 (corresponding to x/D = 1.2245) as shown in Fig. 
5-6. At this location onward, the unsteadiness starts with an appearance of the spanwise 
velocity indicating the beginning of the transition. It can be seen in Fig. 5-6 that the flow 
development keeps slowly between two streamwise positions of x/xR = 0.31 and x/xR = 
0.55 (x/D = 1.2245 and 2.1725). Further downstream, a strong three-dimensional motion 
with a high distortion of the shear layer takes place.   
It is worth pointing out that for all geometries, various isosurfaces for the instantaneous 
velocity components at different times are investigated, and similar observations to the 
above description can be made. 
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Caption for these figures is on the following page 
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Fig. 5-4. Isosurfaces for the instantaneous velocity components at two arbitrary times for the flat plate 
with NFST 
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   Caption for these figures is on the following page 
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Fig. 5-5. Isosurfaces for the instantaneous velocity components at two arbitrary times for 3D_case1 with 
NFST 
 
              
 
 
Caption for these figures is on the following page 
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Fig. 5-6. Isosurfaces for the instantaneous velocity components at two arbitrary times for 3D_case2 with 
NFST 
 
It is interesting to note that the laminar two-dimensional separated layer in 3D_case1 is 
slightly longer than that in 3D_case2. The current LES results demonstrate that the 
distance of the separated two-dimensional flow is 1.2D for the flat plate, 1.36D for 
3D_case1 and 1.2245D for 3D_case2. This indicates that the transition takes place earlier 
in the flat plate flow. In addition, it seems that there is an effect (no matter how small) 
due to the aspect ratio of the three-dimensional geometry on the beginning of the 
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transition location. However, the beginning of the transition location in 3D_case2 is close 
to that of the flat plate. 
It is noticeable that there is a difference in the distance of the instability low amplitude 
development region depending on the nature of the geometry. For the flat plate, this 
distance is 1.5D, 0.68D for 3D case_1 and 0.948D for 3D_case2, indicating that this 
region is longer in the flat plate than that in the other geometries. Moreover, the distance 
of this region increases with the increasing aspect ratio of the three-dimensional 
geometries.   
The location at which the initial unsteadiness appears, and the unsteadiness low amplitude 
development region can be also shown by contours of the instantaneous streamwise 
velocity in the y-z plane at several streamwise locations for all geometries. 
For the flat plate, it can be seen that the flow is steady at x/xR = 0.1 as shown in Fig. 5-7. 
Further downstream, a low unsteadiness appears in the separated layer, where low 
amplitude waves can be seen in this layer as shown at x/xR = 0.2. The unsteadiness remains 
relatively low up to x/xR = 0.45, where a violent distortion in the free shear layer can be 
observed at this location onward. At x/xR = 0.8, a total breakdown of the separated layer 
symmetry, which is associated with violent three-dimensional motions of the flow, 
occurs. 
In order to show the flow development on the top and side surfaces of both three-
dimensional geometries, the instantaneous streamwise velocity are plotted in y-z planes. 
For 3D_case1, the instantaneous streamwise velocity contours in the y-z plane shown in 
Fig. 5-8 illustrate that the flow on the top and side surfaces is laminar, steady and two-
dimensional up to x/xR = 0.4. Further downstream, the flow becomes three-dimensional 
with the linear development of a relatively low unsteadiness up to x/xR = 0.6. Then, violent 
non-linear motions are superimposed on the flow due to the increase in the amplitude of 
the disturbances, leading to a complete distortion of the symmetry of the separated layer 
as shown at x/xR = 0.7 and 0.8 in Fig. 5-8. 
For 3D_case2, the instantaneous streamwise velocity contours in the y-z plane shown in 
Fig. 5-9 illustrate that the shear layer symmetry on the top and side surfaces is uniform 
up to x/xR = 0.3. Flow unsteadiness is present at a location greater than x/xR = 0.3. A 
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relatively low distortion in the free shear layer takes place up to the midpoint of the 
separation bubble due to the linear development of the unsteadiness, as shown at x/xR = 
0.4 and x/xR = 0.5 in Fig. 5-9. Further downstream, a violent distortion in the free shear 
layer, which is associated with the non-linear development of the unsteadiness and three-
dimensional motions of the flow, can be observed. 
Further evidence showing the locations of the start and development of the unsteadiness 
in the free shear layer is presented in the instantaneous streamwise velocity profiles taken 
at three arbitrary times.  
For the flat plate, the instantaneous streamwise velocity profiles are approximately similar 
at x/xR = 0.2, as shown in Fig. 5-1. Further downstream at x/xR = 0.4, the difference in 
instantaneous streamwise velocity profiles is clear but is not as significant. At the other 
two locations (x/xR = 0.6 and 0.8), instantaneous streamwise velocity profiles are quite 
different. This indicates violent disturbances in the flow.  
For 3D_case1, the instantaneous streamwise velocity profiles that are shown in Fig. 5-2 
illustrate that the flow is steady at x/xR = 0.2. The difference in these profiles is barely 
apparent at x/xR = 0.4. Further downstream, the difference in the streamwise velocity 
profiles is clear due to the violent unsteadiness in the flow. 
The instantaneous streamline velocity profiles for 3D_case2 presented in Fig. 5-3 show 
that these profiles are similar at x/xR = 0.2, demonstrating that the flow is two-dimensional 
and steady. The flow unsteadiness appears in the instantaneous streamwise velocity 
profiles at x/xR = 0.4 onward, where different profiles at different times can be seen. 
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Caption for these figures is on the following page 
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Fig. 5-7. Instantaneous streamwise velocity contours in the y-z plane at different streamwise locations for 
the flat plate with NFST 
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Fig. 5-8. Instantaneous streamwise velocity contours in the y-z plane at different streamwise locations for 
3D_case1 with NFST 
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Fig. 5-9. Instantaneous streamwise velocity contours in the y-z plane at different streamwise locations for 
3D_case2 with NFST 
 
5.3 Primary instability mechanism for NFST 
As shown for all geometries in the current study, streamwise velocity profiles have an 
inflection point, which is defined as a point where a graph changes between concave 
upward and concave downward, and is basically the location where the second derivative 
of the streamwise velocity is zero, i.e., 𝜕𝜕
2𝑈𝑈
𝜕𝜕𝑦𝑦2
= 0. The inflection point is a necessary 
condition for inviscid instability to small disturbances of the flow (Versteeg and 
Malalasekera, 2007). Therefore, the flow is inviscidly unstable for all geometries.  
To identify whether the instability of the present free shear layer is the inviscid Kelvin-
Helmholtz instability, the Kelvin-Helmholtz instability will be considered in more detail 
following Yang and Yoke (2001). Consider the case of two uniform, incompressible, and 
Chapter Five                                                                                                               Primary Instability Mechanism 
166 
 
inviscid fluids of densities ρ1 and ρ2 and velocities U1 and U2 separated by a horizontal 
boundary. Let the density ρ2 of the upper fluid be less than the density ρ1 of the lower 
fluid, so the arrangement is stable in the absence of streaming, i.e., U1 = U2 = 0.   For any 
difference U1-U2, no matter how small it is, instability occurs for all wavenumbers greater 
than a minimum value, which can be defined as: 
                                                     𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑔𝑔(∝1−∝2)∝1∝2(𝑈𝑈1−𝑈𝑈2)2                                                 (5-1)  
where  ∝1= 𝜌𝜌1𝜌𝜌1+𝜌𝜌1 and ∝2= 𝜌𝜌2𝜌𝜌1+𝜌𝜌1. The static arrangement stability in the absence of 
streaming is unable to restrain the instability of disturbances of sufficiently small 
wavelengths in the presence of streaming. This is the Kelvin-Helmholtz instability, as 
documented by Chandrasekhar (1981). To further clarify whether the independence of 
the Kelvin-Helmholtz instability on |U1-U2| is due to the sharp discontinuities in ρ and U 
which have been assumed in its derivation, Chandrasekhar (1981) considered the case of 
continuous variation of U and a certain distribution of ρ (characterized by the Richardson 
number) and concluded from inviscid linear stability analysis that for any value of 
Richardson number, there are always bands of wavelengths for which the Kelvin-
Helmholtz instability occurs. When the Richardson number is zero, i.e., for constant 
density, the condition for the Kelvin-Helmholtz instability is 0 < Kh < 1.2785 where K is 
the wavenumber and h is the free shear layer thickness. This condition was considered by 
Yang and Voke (2001) to identify the instability mechanism of the transition.  
The wavenumber K is given by: 
                                                           𝐾𝐾 = 2𝜋𝜋𝜋𝜋/𝑐𝑐                                                        (5-2)  
where f is the characteristic frequency and c is the wave speed which is the velocity at the 
critical layer, i.e., the streamwise velocity at the inflection point (the shear layer centre) 
(Kiya and Sasaki, 1983; Yang and Voke, 2001; Simoni et al., 2012). 
In the current study, the centre of the shear layer is defined as the wall-normal location 
where the root mean square fluctuating streamwise velocity u’rms attains its maximum 
value, which is consistent with the definition given by Kiya and Sasaki (1983). The edge 
of the shear layer is defined as the locus where u’rms/U0 = 2.5%, similar to the definition 
given by Djilali and Gartshore (1991). 
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For the flat plate, the calculated centres and edges of the free shear layer are plotted 
together with the centres and edges of a turbulent separated layer on a blunt flat plate with 
a Reynolds number of 26 × 103 that were presented in the experiment of Kiya and Sasaki 
(1983) as shown in Fig. 5-10. Despite the separated flow nature and Reynolds number 
that were used in Kiya and Sasaki (1983) being different from those used in the current 
study, there is a good agreement between the distribution of the locations of centres and 
edges of the free shear layer in both studies as shown in Fig. 5-10. 
Simulated centres and edges of the free shear layer for 3D_case1 and 3D_case are shown 
in Fig. 5-11 and Fig. 5-12, respectively. 
To investigate if the current LES results satisfy the condition of the Kelvin-Helmholtz 
instability (0 < Kh < 1.2785) for all geometries in the present study, the following 
calculations are carried out. 
 
 
Fig. 5-10. Variation of the current centre of the shear layer (squares) and the current edge of the shear 
layer (triangles) with streamwise distance compared with experimental centre of the shear layer in Kiya 
and Sasaki (1983) (diamonds) and experimental edge of the shear layer in Kiya and Sasaki (1983) 
(circles) for the flat plate with NFST 
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Fig. 5-11. Variation of centre of the shear layer (squares) and edge of the shear layer (triangles) with 
streamwise distance for 3D_case1 with NFST 
 
 
 
Fig. 5-12. Variation of centre of the shear layer (squares) and edge of the shear layer (triangles) with 
streamwise distance for 3D_case2 with NFST 
 
For the flat plate, the shear layer thickness at the beginning of the unsteadiness at x/xR = 
0.2 is 0.0982xR as shown in Fig. 5-10. Hence, the unstable region for the wavenumbers 
can be represented as 0 < K < 13.0193/xR. Therefore, the Kelvin-Helmholtz instability 
will not exist in the current study when the wavenumbers are higher than 13.0193/xR or 
wavelengths are smaller than 0.4828xR, (where the wavelength is defined as 2π/K). 
The wave speed at x/xR = 0.2 is 0.5032U0. The characteristic frequency varies between 
120 Hz and 140 Hz or 0.7639U0/xR - 0.8912U0/xR, as will be shown in Chapter 6. Hence, 
the maximum wavenumber (Kmax = 2πfmax/c) at the unsteadiness starting location is 
11.1324/xR corresponding to the wavelength of 0.5646xR. 
Chapter Five                                                                                                               Primary Instability Mechanism 
169 
 
The maximum wave numbers at several streamwise positions up to x/xR = 0.4 are shown 
in Table 5-1. All wavenumbers are within the Kelvin-Helmholtz instability conditions. 
Therefore, it can be concluded that the free shear layer for the flat plate is inviscidly 
unstable due to the Kelvin-Helmholtz instability mode. 
 
x/xR 0.2 0.25 0.3 0.35 0.4 
Kmax 11.1324/xR 9.2608/xR 11.261/xR 8.0229/xR 10.5995/xR 
 
Table 5-1. Maximum wavenumber values at several streamwise positions for the flat plate with NFST 
 
For 3D_case1, the shear layer thickness at the position where the unsteadiness first 
appears at x/xR = 0.4 is 0.1735xR as shown in Fig. 5-11. Thus, the unstable region for the 
wavenumbers becomes 0 < K < 7.3688/xR. Hence, the Kelvin-Helmholtz instability 
mechanism will not occur in the current study for wavenumbers higher than 7.3688/xR or 
wavelengths smaller than 0.853xR. 
The wave speed at x/xR = 0.4 is 0.6948U0. The characteristic frequency varies between 
150 Hz and 180 Hz or 0.5411U0/xR - 0.6493U0/xR, as will be shown in Chapter 6. 
Therefore, the maximum wavenumber at the unsteadiness starting point is Kmax = 2πfmax/c 
= 5.874/xR corresponding to a wavelength of 1.07xR.  
Table 5-2 presents the maximum wavenumbers at several streamwise locations, and 
clearly shows that the primary instability mechanism for 3D_case1 is the inviscid Kelvin-
Helmholtz instability mechanism. 
 
x/xR 0.4 0.45 0.5 0.55 
Kmax 5.874/xR 6.927/xR 6.2539/xR 6.251/xR 
 
Table 5-2. Maximum wavenumber values at several streamwise positions for 3D_case1 with NFST 
 
For 3D_case2, the thickness of the shear layer at the unsteadiness starting position (x/xR 
= 0.31) is 0.1501xR. The unstable region for the wavenumbers can be represented as 0 < 
K < 8.5176/xR. Therefore, the Kelvin-Helmholtz instability mechanism will not exist in 
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the current study when wavenumbers are higher than 8.5176/xR or wavelengths are 
smaller than 0.738xR. 
The wave speed at x/xR = 0.31 is 0.599U0 and the characteristic frequency varies within 
the range of 150 Hz - 180 Hz or 0.6286U0/xR - 0.7543U0/xR. Therefore, the maximum 
wavenumber at the unsteadiness start position is Kmax = 2πfmax/c = 7.9153/xR 
corresponding to a wavelength of 0.794xR. The primary instability mechanism in the free 
shear layer for 3D_case2 is the inviscid Kelvin-Helmholtz instability mechanism because 
all values of Kmax at the selected locations in the free shear layer are within the conditions 
required for the Kelvin-Helmholtz instability as shown in Table 5-3. 
 
x/xR 0.31 0.35 0.4 0.45 0.5 
Kmax 7.9153/xR 6.5092/xR 7.6187/xR 7.8455/xR 8.2393/xR 
 
Table 5-3. Maximum wavenumber values at several streamwise positions for 3D_case2 with NFST 
 
Roberts and Yaras (2006) illustrated that the condition of the Kelvin-Helmholtz 
instability mechanism, depending on the above conclusion of Chandrasekhar (1981), is 
associated with the velocity profile at the unsteadiness start location, which is well 
represented by a hyperbolic tangent function. They reported that the frequency range of 
the Kelvin-Helmholtz instability corresponds to 0 < Kd < 1, where K is the wavenumber 
of the dominant disturbance frequency and d is a length scale determined by the 
hyperbolic tangent curve fit to the velocity distribution, which is roughly about 0.25 of 
the shear layer thickness. 
In the current study, Kmax d at the unsteadiness start location is 0.2733 for the flat plate, 
0.2547 for 3D_case1 and 0.297 for 3D_case2. These values satisfy the Kelvin- Helmholtz 
instability condition (0 < Kd < 1) that is presented in Roberts and Yaras (2006). Therefore, 
the primary instability mechanism that drives the transition is indeed the Kelvin-
Helmholtz instability mechanism in all geometries for the current study.  
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5.4 Absolute and convective instability for FST 
Instantaneous streamwise velocity profiles in the presence of elevated intensities of free 
stream turbulence are plotted in Fig. 5-13 for the flat plate, Fig. 5-14 for 3D_case1 and 
Fig. 5-15 for 3D_case2. In these figures, four streamwise locations are chosen to present 
the magnitude of the reverse flow at three arbitrary times. Streamwise positions are 
distributed within the separation bubble to cover the region extending from a point close 
to the separation to one close to the reattachment. These positions are x/xR = 0.2, 0.4, 0.6 
and 0.8.  
The magnitude of the reverse flow in the instantaneous streamwise velocity is presented 
to reveal the existence of the absolute instability in the separation bubble. The absolute 
instability takes place if the amount of the reverse flow is more than 20% of the maximum 
local velocity (Alam and Sandham, 2000). In the current study, the reverse flow amount 
is lower than 20% for all geometries as shown in Figs. 5-13, 5-14 and 5-15, which 
demonstrates that even with elevated intensities of free stream turbulence, the separation 
bubble is classified as convectively unstable where there is no sign of absolute instability 
in the flow in the current study. 
 
                              
                               
Fig. 5-13. Instantaneous streamwise velocity profiles at three arbitrary times for the flat plate with FST 
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Fig. 5-14. Instantaneous streamwise velocity profiles at three arbitrary times for 3D_case1 with FST 
 
                               
                               
Fig. 5-15. Instantaneous streamwise velocity profiles at three arbitrary times for 3D_case2 with FST 
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5.5 Unsteadiness location for FST 
With an elevated intensity of free stream turbulence, the unsteadiness start location and 
region of low amplitude growth of the unsteadiness for all geometries can be identified 
by inspection of the instantaneous velocity components isosurfaces. Instantaneous 
velocity components isosurfaces with FST at two arbitrary times are plotted in Fig. 5-16 
for the flat plate, Fig. 5-17 for 3D_case1 and Fig. 5-18 for 3D_case2. 
For the flat plate, the instantaneous velocity components clearly show that the 
unsteadiness of the free shear layer starts at x/xR = 0.1 (corresponding to x/D = 0.42), 
where the initial appearance of the spanwise velocity can be seen in Fig. 5-16. Before this 
location, the flow is laminar, two-dimensional and steady. Therefore, it can be seen that 
the unsteadiness in the free shear layer moves upstream from x/D = 1.2 with NFST to x/D 
= 0.42 with FST.  
Unsteadiness in the separated shear layer with FST grows with low amplitude from x/xR 
= 0.1 to x/xR = 0.3, where the separated shear layer, in a relative sense, maintains its 
symmetry in this region. Further downstream, there is a breakdown in the symmetry of 
the separated shear layer indicating the strong and rapid growth of the disturbances in the 
flow. 
For 3D_case1, the free shear layer is still two-dimensional, steady and laminar up to x/xR 
= 0.3 (corresponding to x/D = 0.75), where at this location and onward, the spanwise 
velocity can be clearly seen, as shown in Fig. 5-17. Hence, due to high disturbances in 
the incoming flow, the laminar flow distance in the free shear layer reduces from 1.36D 
with NFST to 0.75D with FST.  
Free shear layer with FST develops with a relatively low level of disturbances within the 
distance starting from x/xR = 0.3 and ending at x/xR = 0.5. Further downstream, non-linear 
growth of disturbances takes place as shown in Fig. 5-17.  
For 3D_case2, the steady laminar part of the free shear layer decreases from x/D = 1.2245 
with NFST to x/D = 0.62 using FST as shown in Fig. 5-18. It is clear seen that the position 
of the unsteadiness that begins in the free shear layer is at x/xR = 0.2 (corresponding to 
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x/D = 0.62). In addition, the low amplitude development region of the unsteadiness 
extends from x/xR = 0.2 to x/xR = 0.4. 
 
 
 
 
Caption for these figures is on the following page 
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Fig. 5-16. Isosurfaces for the instantaneous velocity components at two arbitrary times for the flat plate 
with FST 
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Caption for these figures is on the following page 
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Fig. 5-17. Isosurfaces for the instantaneous velocity components at two arbitrary times for 3D_case1 with 
FST 
 
 
 
 
Caption for these figures is on the following page 
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Fig. 5-18. Isosurfaces for the instantaneous velocity components at two arbitrary times for 3D_case2 with 
FST 
 
In general, it can be seen from the instantaneous velocity components isosurfaces for all 
geometries in the current study that the unsteadiness starting location in the free shear 
layer moves upstream with FST leading to an early transition. This is consistent with the 
results presented by Yang and Abdalla (2009) and Langari and Yang (2013). 
The first appearance and development stages of the unsteadiness in the separated shear 
layer for all geometries are also presented by employing y-z contours of the instantaneous 
streamwise velocity at different streamwise locations in the separation bubble. The first 
streamwise location is close to the separation line (x/xR = 0.1) and the last streamwise 
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location is near to the mean reattachment (x/xR =0.8), as shown in Fig. 5-19 for the flat 
plate, Fig. 5-20 for 3D_case1 and Fig. 5-21 for 3D_case2. 
For the flat plate, the separated shear layer is approximately quiet at x/xR = 0.1, where a 
low waviness can just be seen in the separated shear layer indicating the start of the 
unsteadiness as shown in Fig. 5-19. At x/xR = 0.2, the waviness becomes stronger, but the 
separated layer essentially maintains its symmetry. Breakdown of the separated shear 
layer symmetry takes place at x/xR = 0.3, where the non-linear growth of the disturbances 
is in the free shear layer. Further downstream, the unsteadiness becomes violent referring 
strong three-dimensional motions of the flow. Then, a total distortion of the separated 
shear layer can be clearly observed at x/xR = 0.8 as shown in Fig. 5-19. 
For 3D_case1, the instantaneous streamwise velocity contours in the y-z plane presented 
in Fig. 5-20 show that the flows on the top and side surfaces of this geometry are still 
laminar up to x/xR = 0.3. At x/xR = 0.3, there is a low amplitude waving in the separated 
shear layer, indicating the start of flow unsteadiness. In the region between x/xR = 0.3 and 
x/xR = 0.5, the unsteadiness grows linearly with a slight distortion in the separated layer. 
Further downstream, the symmetry of the free shear layer breaks down, indicating the 
existence of violent motions of the flow as shown at x/xR = 0.8 in Fig. 5-20. 
For 3D_case2, the unsteadiness beginning in the separated shear layer on the top and side 
surfaces of this geometry is clearly seen at x/xR = 0.2 as presented in Fig. 5-21. At x/xR = 
0.2, a low-amplitude distortion in the free shear layer begins. Upstream of x/xR = 0.2, the 
free shear layer is completely quiet, indicating the flow in the region which starts from 
the leading edge of the geometry and ends at x/xR = 0.2 is laminar, two-dimensional and 
steady. The region of the linear development of the unsteadiness in the free shear layer 
extents from x/xR = 0.2 to x/xR = 0.4 as shown in Fig. 5-21. In this region, there is a slight 
development in the unsteadiness. Further downstream, violent three-dimensional motions 
associated with the non-linear growth of the flow unsteadiness occur. Close to the mean 
reattachment line, high amplitude of the disturbances leads to a complete distortion of 
symmetry of the separated shear layer as shown at x/xR = 0.8 in Fig. 5-21. 
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Caption for these figures is on the following page 
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Fig. 5-19. Instantaneous streamwise velocity contours in the y-z plane at different streamwise locations 
for the flat plate with FST 
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Caption for these figures is on the following page 
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Fig. 5-20. Instantaneous streamwise velocity contours in the y-z plane at different streamwise locations 
for 3D_case1 with FST 
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Caption for these figures is on the following page 
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Fig. 5-21. Instantaneous streamwise velocity contours in the y-z plane at different streamwise locations 
for 3D_case2 with FST 
 
Instantaneous streamwise velocity profiles taken at three arbitrary times confirmed the 
appearance of the flow unsteadiness and development locations as shown in Figs. 5-13, 
5-14, and 5-15 for the flat plate, 3D_case1 and 3D_case2, respectively. 
Despite the instantaneous streamwise velocity profiles at x/xR = 0.2 for the flat plate 
seeming similar, there is a slight difference in these profiles as shown in Fig. 5-13. This 
indicates that there is a low unsteadiness in the flow at this location. At x/xR = 0.4 onward, 
the difference in the instantaneous streamwise velocity profiles becomes clearly apparent, 
and indeed becomes stronger at x/xR = 0.6 and x/xR = 0.8 as shown in Fig. 5-13. This 
demonstrates the violent three-dimension motions that are associated with the rapid 
growth of the disturbances in the free shear layer. 
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For 3D_case1, there is no difference in the instantaneous streamwise velocity profiles at 
x/xR = 0.2, this means that the flow is laminar and two-dimensional at this position as 
shown in Fig. 5-14. The flow unsteadiness can be seen at x/xR = 0.4 because the similarity 
in the velocity profiles disappears. Close to the mean reattachment line at x/xR = 0.8, 
different instantaneous streamwise velocity profiles can also be seen. This refers violent 
three-dimensional motions of the flow as shown in Fig. 5-14. 
The slight differences that are seen in the instantaneous streamwise velocity profiles for 
3D_case2 at x/xR = 0.2 and x/xR = 0.4 show that the level of the flow unsteadiness at these 
positions is low as shown in Fig. 5-15. This low unsteadiness indicates the low amplitude 
development of the disturbances in the separated shear layer. However, the large 
difference in the streamwise velocity profile is clearly apparent at x/xR = 0.6 and x/xR = 
0.8. This indicates the flow at these positions, which is associated with the rapid 
development of the disturbances in the separated shear layer, is strongly disturbed.  
Generally speaking, the presence of a 3.7% intensity of free stream turbulence changes 
the locations of the start, and subsequent development, of the unsteadiness in the free 
shear layer, and leads to an early transition for the current geometries as follows:  
• The distance of the laminar part of the separation bubble with FST is 0.42D for 
the flat plate, 0.75D for 3D_caes1 and 0.62D for 3D_case2. 
• The reduction in the distance of the laminar part of the separation bubble when 
the flow changes from NFST to FST is 0.78D for the flat plate, 0.61D for 
3D_caes1 and 0.6045D for 3D_case2. 
• The distance of the low amplitude development of the instability with FST is 
0.84D for the flat plate, 0.5D for 3D_caes1 and 0.62D for 3D_case2. 
• The reduction in the distance of the low amplitude development of the instability 
when the flow changes from NFST to FST is 0.66D for the flat plate, 0.18D for 
3D_caes1 and 0.328D for 3D_case2. 
Therefore, it can be concluded that with FST, the transition location in the flat plate moves 
upstream by a distance that is longer than that considered in both three-dimensional 
geometries. In addition, the distance of the instability low amplitude development in the 
flat plate is longer than that in both three-dimensional geometries. This can be considered 
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to be due to differences in the transitional separated-reattached flow between two- and 
three-dimensional geometries.  
In a compression between 3D_case1 and 3D_case2 based on the above data with FST, it 
can be seen that there is no significant effect of the aspect ratio of the three-dimensional 
geometries on the distance by which the early transition moves upstream, while the 
reduction in the distance of the instability linear development when the flow changes from 
NFST to FST in 3D_case1 is lower. In other words, the increase of the aspect ratio of the 
three-dimensional geometries from 1 to 2 with FST leads to a reduction in the distance of 
the instability linear development, while the transition in both geometries moves upstream 
by a similar distance. 
5.6 Primary instability mechanism for FST 
It is of great interest to investigate the effect of a 3.7% intensity of free stream turbulence 
on the primary instability mechanism in transitional separated-reattached flow. Two 
studies were performed at different intensity levels of the free stream turbulence to 
investigate the effects on the primary instability mechanism of such flow. Yang and 
Abdalla (2009) used a 2% intensity of free stream turbulence with flow separated over a 
blunt flat plate at the Reynolds number of 6.5 × 103. They reported that the Kelvin-
Helmholtz instability is still the primary instability mechanism driving the transition. On 
the other hand, Langari and Yang (2013) applied a 5.6% intensity of the free stream 
turbulence on a separated shear layer formed on a semi-circular leading edge flat plate 
with a Reynolds number of 3450. A bypassed transition was reported in Langari and Yang 
(2013), where there was no sign of the Kelvin-Helmholtz instability in this study. 
If the effects of different leading-edges of the flat plate and Reynolds numbers are 
neglected in the above two studies, it can be concluded that the bypassed transitions occur 
within a range of intensity of free stream turbulence between 2% and 5.6%. The current 
intensity of the free stream turbulence is between the two levels used in the above two 
studies. Hence, the current elevated intensity of free stream turbulence (3.7%) reduces 
the range of possibility of the bypassed transition occurrence in a flat plate. In other 
words, if the bypassed transition exists with a 3.7% intensity of free stream turbulence, 
the range of intensity of free stream turbulence that leads to the bypassed transition will 
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be bounded by 2% and 3.7%, or if the bypassed transition does not exist with a 3.7% 
intensity of free stream turbulence, the range of intensity of free stream turbulence that 
leads to the bypassed transition will be bounded by 3.7% and 5.6%. 
Therefore, the target of the current study is to reveal that when the transitional separated-
reattached flow forms on a blunt flat plate with a 3.7% intensity of free stream turbulence, 
will the Kelvin-Helmholtz instability remain responsible for starting the transition? Or 
will it be bypassed? In addition, the current study is the first to investigate the effects of 
high intensities of free stream turbulence on the primary instability mechanism in 
transitional separated-reattached flow formed over three-dimensional geometries with 
two different aspect ratios.  
Edges and centres of the free shear layer with FST are presented in Fig. 5-22 for the flat 
plate, Fig. 5-23 for 3D_case1 and Fig. 5-24 for 3D_case2. In a comparison between FST 
and NTSF for all geometries, it can be seen that the values at the edges and centres of the 
separated shear layer at the same locations of x/xR in NFST are higher than those in FST. 
 
 
Fig. 5-22. Variation of centre of the shear layer (squares) and edge of the shear layer (triangles) with 
streamwise distance for the flat plate with FST 
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Fig. 5-23. Variation of centre of the shear layer (squares) and edge of the shear layer (triangles) with 
streamwise distance for 3D_case1 with FST 
 
 
 
Fig. 5-24. Variation of centre of the shear layer (squares) and edge of the shear layer (triangles) with 
streamwise distance for 3D_case2 with FST 
 
The condition for the presence of a Kelvin-Helmholtz instability (0 < Kh < 1.2785) as the 
primary instability mechanism in the separated shear layer for all geometries studied in 
the current study is considered here. Similar calculation procedures to these presented in 
Section 5-3 are also applied here. 
For the flat plate, the separated shear layer thickness at the location where the 
unsteadiness first appears (x/xR = 0.1) is 0.0971xR as shown in Fig. 5-22. So, the unstable 
region for the wavenumbers can be represented by 0 < K < 13.166/xR, i.e., the Kelvin-
Helmholtz instability will not exist in the shear layer for the flat plate when wavenumbers 
are higher than 13.166/xR or wavelengths are smaller than 0.477xR.  
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The wave speed at x/xR = 0.1 is 0.864U0 and the characteristic frequency, as will be shown 
in Chapter 6, varies between 145 Hz and 170 Hz or 0.646U0/xR – 0.757U0/xR. Hence, the 
maximum wavenumber (Kmax = 2πfmax/c) at the unsteadiness start point is 5.507/xR 
corresponding to a wavelength of 1.14xR.  
It is worth pointing out that many points, where the region extends from the position of 
the unsteadiness starting to the point of x/xR = 0.25, are selected to investigate the 
existence of the Kelvin-Helmholtz instability. Wavenumbers at these points are below 
13.166/xR as shown in Table 5-4. This indicates that the Kelvin-Helmholtz instability 
mechanism is still the primary instability mechanism in the free shear layer with a 3.7% 
intensity of free stream turbulence. 
 
x/xR 0.1 0.15 0.2 0.25 
Kmax 5.505/xR 5.277/xR 6.994/xR 7.652/xR 
 
Table 5-4. Maximum wavenumber values at several streamwise positions for the flat plate with FST 
 
The shear layer thickness at the start of the unsteadiness beginning at x/xR = 0.3 for 
3D_case1 is 0.2077xR as shown in Fig. 5-23. Based on this value, the condition for the 
presence of a Kelvin-Helmholtz instability for 3D_case1 is 0 < K < 6.155/xR. So, for 
wavenumbers greater than 6.155/xR or wavelengths less than 1.021xR, the Kelvin-
Helmholtz instability will not occur in the separated shear layer. 
The wave speed at x/xR = 0.3 is 0.611U0 and the characteristic frequency varies between 
150 Hz and 190 Hz or 0.397U0/xR - 0.503U0/xR. Therefore, the maximum wavenumber at 
the unsteadiness start point (Kmax) is 5.167/xR corresponding to a wavelength of 1.216xR. 
To be more confident that the Kelvin-Helmholtz instability is the dominant primary 
instability mechanism in the separated shear layer, other points within the low amplitude 
growth region of the unsteadiness are also considered. The wavenumbers at these points 
show that the transition is indeed driven by the Kelvin-Helmholtz instability in 3D_case1 
as shown in Table 5-5. 
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x/xR 0.3 0.35 0.4 0.45 
Kmax 5.167/xR 5.155/xR 5.264/xR 4.957/xR 
 
Table 5-5. Maximum wavenumber values at several streamwise positions for 3D_case1 with FST 
 
The Kelvin-Helmholtz instability condition for 3D_case2 is 0 < K < 7.26/xR. This is 
calculated based on the value of 0.1761xR, which is the shear layer thickness at the 
unsteadiness start location (x/xR = 0.2) as shown in Fig. 5-24. The Kelvin-Helmholtz 
instability does not appear in the free shear layer for 3D_case2 when wavenumber 
exceeds 7.26/xR or wavelength is below 0.865xR. 
The wave speed at x/xR = 0.2 is 0.585U0 and the characteristic frequency varies from 150 
Hz to 190 Hz or 0.493U0/xR - 0.624U0/xR. Hence, the maximum wave number at the 
unsteadiness start point (Kmax) is 6.698/xR corresponding to a wavelength of 0.938xR. 
Wavenumbers at different points within the region between x/xR = 0.2 and x/xR = 0.35 are 
shown in Table 5-6. Based on these values, the Kelvin-Helmholtz instability is still 
responsible for starting the transition in the separated shear layer in 3D_case2. 
 
x/xR 0.2 0.25 0.3 0.35 
Kmax 6.698/xR 5.809/xR 6.383/xR 6.313/xR 
 
Table 5-6. Maximum wavenumber values at several streamwise positions for 3D_case2 with FST 
 
Using the Kelvin-Helmholtz instability condition (0 < Kd < 1) reported in Roberts and 
Yaras (2006) shows that with FST, Kmax d is 0.133 for the flat plate, 0.268 for 3D_case1 
and 0.294 for 3D_case2. Therefore, the transition in the free shear layer for all geometries 
studied here is indeed driven by the Kelvin-Helmholtz instability. 
5.7 Summary  
For all geometries used in the current study with NFST and FST, the possibility of the 
presence of an absolute instability throughout the separation bubble is investigated in this 
chapter. It is clearly shown that there is no any trace of the absolute instability, where the 
separation bubble is classified as convectively unstable. 
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With NFST, the streamwise location of the initial unsteadiness beginning in the separated 
shear layer in the flat plate is found to be closer to the separation line than for either of 
the three-dimensional geometries. In 3D_case2, the unsteadiness in the free shear layer 
takes place earlier than that in 3D_case1. The first appearance of the unsteadiness is at 
1.2245D for 3D_case2, while it is at x/D = 1.36 for 3D_case1. 
Movement of the unsteadiness location in the separated shear layer toward to the 
separation line is observed with the application of a high intensity of free stream 
turbulence for all geometries. The reduction in the distance of the separated laminar flow 
is 0.78D for the flat plate, 0.61D for 3D_caes1, and 0.6045D for 3D_case2.  In addition, 
with FST, the reduction in the distance of the instability linear development is 0.66D for 
the flat plate, 0.18D for 3D_case1 and 0.328D for 3D_case2. Hence, for the three-
dimensional geometries with FST, there is no considerable effect due to geometry aspect 
ratio on reduction in the distance of the laminar flow in the separation bubble, while it is 
observed that the reduction in the distance of the instability linear development for 
3D_case1 is lower than that for 3D_case2. 
For all geometries in the current study with NFST and FST, the transition in the separated 
shear layer is driven by the inviscid Kelvin-Helmholtz instability mechanism, which is 
the dominant instability mechanism in the separation bubble.  
The contours of the instantaneous streamwise velocity with NFST and FST in the y-z 
plane for both 3D_case1 and 3D_case2 show that there is no difference in the locations 
of the flow development on the top and side surfaces of the geometries. This means that 
the beginning of the unsteadiness and its low amplitude growth region, and violent three-
dimensional motions in the free shear layers on the top and side surfaces of the geometries 
take place at the similar streamwise locations.  
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Chapter Six 
              Spectral Analysis 
 
6.1 Background 
In order to elucidate the frequency modes that may exist in each geometry in the current 
study, extensive data for instantaneous pressure and velocity components are calculated 
at specific inspection points. These points are distributed within the separation bubble, at 
the mean reattachment point, and within the developed turbulent boundary layer as shown 
in the next section. 
For all geometries studied here, there are 40,000 samples at each inspection point taken 
every 10 time steps (time step = 2 × 10-6 s) corresponding to 0.8 s, which is the total time 
of the simulation. Hence, the sampling frequency is 50 kHz.  
The traditional Fourier transform method is employed here to extract the local frequency 
magnitude from the time series signals as the velocity components. The maximum 
frequency which can be resolved is about 25 kHz and the minimum frequency is about 
1.25 Hz for all geometers in the current study.  
In spite of the Fourier transform method showing the time series frequency information, 
this method is inefficient and inaccurate when the time series involves a wide range of 
high and low frequencies out of the dominant frequencies range, where these high and 
low frequencies may be eliminated from the spectra by the Fourier transform (Kaiser, 
1994). Spectra of transitional and turbulent flows usually involves a wide range of 
frequencies due to vortex shedding and vortex development. So, the predetermined 
scaling method, such as the Fourier transform, is not appropriate as a spectral analyses 
method (Kaiser, 1994). Therefore, to present more details based on the time series signals 
of the velocity components, the wavelet transform method is used in the present study. 
Wavelet transform analyses, which is a time frequency localization and scale independent 
method, may be more successful. 
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Wavelet transform analyses show a two-dimensional picture illustrating wavelet power 
concentration in time (x-axis) vs. scales (y-axis). Scales are equivalent to the period and 
present an approximate measure of the Fourier period of the signal (Torrence and 
Compo, 1998). The wavelet transform method can be used to analyse time series that 
contains non-stationary power at many different frequencies (Daubechies, 1990). For a 
time series, xn, with equal time spacing, δt, and n = 0, … , N-1 (where N is the total number 
of time steps), consider a wavelet function Ψ0 (η) which depends on a non-dimensional 
‘time’ parameter η. To be admissible as a wavelet, this function must have zero mean and 
be localized in both time and frequency space (Farge, 1992). The Morlet wavelet function, 
which is employed here, is an example of a wavelet function and is defined as: 
                                                 𝛹0(𝜂) = 𝜋
−1/4𝑒𝑖𝜔0𝜂𝑒−𝜂
2/2                                         (6-1)  
where ω0 is the non-dimensional frequency, which is taken to be 6 to satisfy the 
admissibility condition (Farge, 1992). 
Wavelet function usually refers to either orthogonal or non-orthogonal wavelets. The use 
of an orthogonal basis implies the use of the discrete wavelet transform, while a non-
orthogonal wavelet function can be used with either the discrete or the continuous wavelet 
transform (Farge, 1992).  
The continuous wavelet transform of a discrete sequence xn is defined as the convolution 
of xn with a scaled and translated version of Ψ0 (η) (Torrence and Compo, 1998):  
                                              𝑊𝑛(𝑠) = ∑ 𝑥𝑛′𝛹
∗𝑁−1
𝑛,=0 [
(𝑛′−𝑛)𝛿𝑡
𝑠
]                                     (6-2)  
where the (*) indicates the complex conjugate, and the transform is divided into real 
(amplitude) |Wn(s)| and imaginary (phase) parts. The wavelet power spectrum is defined 
as the absolute value of the wavelet transform squared (|Wn(s)|
2) and gives a measure of 
the time series variance at each scale (period) and time (Torrence and Compo, 1998). So, 
variation of the wavelet scale (s) and translating along a localized time index (n) leads to 
a picture that illustrates both the amplitude of any features versus the scale (period), and 
the variation of this amplitude with time. For more details about the Morlet wavelet, the 
reader is referred to Torrence and Compo (1998). 
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The Morlet wavelet used in the present study to produce a wavelet picture (based on the 
code developed by Torrence and Compo (1998)) employs the continuous transform, 
although all of the results for significance testing, smoothing in time and scale, and cross-
wavelets are similarly applicable to the discrete wavelet transform. A modification is 
carried out for this code to analyse the current LES time series signals.  
To identify the set of scales (s) to use in the wavelet transform described in equation (6-
2) for non-orthogonal wavelet analyses, an arbitrary set of scales can be used. Torrence 
and Compo (1998) recommended scales expanded in fractional powers of two, as follows: 
                                         𝑠𝑗 = 𝑠02
𝑗𝛿𝑗 ,                𝑗 = 0, 1, … . . , 𝐽                                    (6-3)  
                                                   𝐽 = 𝛿𝑗−1𝑙𝑜𝑔2(𝑁𝛿𝑡/𝑠0)                                             (6-4) 
where s0 is the smallest resolvable scale and J determines the largest scale. Torrence and 
Compo (1998) reported that the smallest scale (s0) should be chosen so that the equivalent 
Fourier period is approximately 2δt. They recommended that the choice of a sufficient 
small δj depends on the width in spectral space of the wavelet function and smaller values 
of δj give finer resolution. They showed that the largest value of δj, which still gives 
adequate sampling in scale, must not be exceed 0.5.  
For all geometries, the samples are stored every 10 time steps (2 × 10-5) so the smallest 
scale s0 = 2δt = 4 × 10-5 and N = 4 × 104. Abdalla et al. (2007) recommended that 0.25, as 
a value for δj, is sufficient for transitional separated-reattached flow over a surface-
mounted obstacle. Hence, the value of δj selected for the current study is 0.25. Therefore, 
J is taken as 57 based on equation (6-4), and the largest scale sJ = 0.779 s.  Torrence and 
Compo (1998) reported that no interesting events occur over a long period and they 
recommended that the largest scale should be less than half of the total time, which is 0.8 
s in the current study. So, 51 is considered here as a value for J providing 52 scales ranging 
from 4 × 10-5 to 0.327 s. These selected variables produce a smooth picture of the wavelet 
power spectrum in the current study. 
Analysis of the time signal employing wavelet spectra leads to control different events 
that involved with the span of the time signal by exciting or damping them. This was 
recommended by Abdalla et al. (2009), where they reported that wavelet spectra give a 
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clear picture of the extent of the event (amplitude) and any smaller events associated with 
it. This information could be useful in controlling such events (damping or exciting as 
required for specific applications). Moreover, the wavelet power spectrum can be used to 
identify the occurrence time and reoccurrence period of such events.     
However, it is worth pointing out that there is a disadvantage to use wavelet transform 
for spectral analysis. This method provides only qualitative results, and is a particular 
criticism of using this method of power spectrum analysis. (Torrence and Compo, 1998). 
Regarding this point, the Fourier transform method is better if the frequency within the 
time series signal is needed.  
6.2 Spectral analysis locations for NFST 
For all geometries, the instantaneous pressure and velocity components are stored at 
specific points to act as inspection stations for existing frequency modes.  
For the flat plate, there are 108 points that are distributed across nine streamwise, four 
wall-normal, and three spanwise locations. Streamwise locations include a point just after 
the separation at x/xR = 0.0416; five points are distributed within the mean separation 
bubble length at x/xR = 0.1666, 0.3333, 0.5, 0.6666, and 0.8333; at the reattachment x/xR 
= 1; and in the developed boundary layer after the reattachment at x/xR = 1.0833 and 3. 
These locations correspond to x/D = 0.25, 1, 2, 3, 4, 5, 6, 6.5, and 18, respectively. 
For 3D_case1, time traces for the instantaneous pressure and velocity components are 
stored at 96 locations that include eight streamwise, four wall-normal, and three spanwise 
positions. Locations of streamwise points are at x/xR = 0.0735 as a point is just after the 
separation; x/xR = 0.2941, 0.5882, 0.7352, and 0.8823 as points distributed within the 
mean length of the separation bubble; at the reattachment x/xR = 1; and in the developed 
boundary layer after the reattachment at x/xR = 1.1764 and 5.2941. These locations 
correspond to x/D = 0.25, 1, 2, 2.5, 3, 3.4, 4, 18, respectively. 
For 3D_case2, eight streamwise, four wall-normal, and three spanwise locations are 
selected as stations for spectral analysis. Streamwise locations are x/xR = 0.0632, 0.2531, 
0.5063, 0.6329, 0.7594, 1, 1.2658, and 4.5569 which correspond to x/D = 0.25, 1, 2, 2.5, 
3, 3.95, 5, 18, respectively. These locations cover a point just after the separation position, 
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four points that are distributed within the separation bubble, the mean reattachment point, 
and two points within the turbulent boundary layer.    
For all geometries in the current study, the instantaneous pressure and velocity 
components are also stored at four wall-normal locations for each streamwise location. 
These locations with shifting the origin point of the wall-normal axis to the geometry 
surface are y/D = 0.05, 0.3, 0.5, and 1. These locations correspond to y/xR = 0.0083, 0.05, 
0.0833, 0.1666, respectively for the flat plate and y/xR = 0.0147, 0.0882, 0.147, 0.2941, 
respectively for 3D_case1 and y/xR = 0.0126, 0.0759, 0.1265, 0.2531, respectively for 
3D_case2. For all geometries, these wall-normal stations are chosen to be close the wall, 
shear layer centre, and the edge of the shear layer. 
All the above streamwise and wall-normal positions are located at three spanwise points, 
z/D = 1, 2, 3 for the flat plate and z/D = 1.6, 2, 2.4 for 3D_case1, and z/D = 1.2, 2, 2.8 for 
3D_case2. Spectral analysis inspection point locations are detailed, respectively, in Table 
6-1 for the flat plate, Table 6-2 for 3D_case1, and Table 6-3 for 3D_case2. 
It is worth pointing out that the inspection of Fourier spectra for the instantaneous 
pressure and velocity components shows similar behaviour at each selected point for all 
geometries. Therefore, there are only the spectral analyses for the instantaneous 
streamwise and wall-normal velocities to be presented in the current study. 
It should be noted here that for all geometries, the Fourier spectra for the instantaneous 
velocity components at any spanwise position for the same streamwise and wall-normal 
locations show very similar results. Hence, the following Fourier spectra figures are 
plotted at the spanwise position at the centre of the computational domain, z/D = 2. The 
wavelet spectra figures are presented and described here based on only these selected 
Fourier spectra points. 
It is interesting to show that due to the large number of inspection points used in the 
current study, the frequency and wavelet spectra are not presented for all wall-normal 
locations at each streamwise position in this chapter. 
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 x/xR 
0.0416 0.1666 0.3333 0.5 0.6666 0.8333 1 1.0833 3 
y
/x
R
 
0.0083 1 2 3 4 5 6 7 8 9 
0.05 10 11 12 13 14 15 16 17 18 
0.0833 19 20 21 22 23 24 25 26 27 
0.1666 28 29 30 31 32 33 34 35 36 
 
Table 6-1. Locations of spectral analysis inspection points at z/D = 2 for the flat plate with NFST 
 
 x/xR 
0.0735 0.2941 0.5882 0.7352 0.8823 1 1.1764 5.2941 
y
/x
R
 
0.0147 1 2 3 4 5 6 7 8 
0.0882 9 10 11 12 13 14 15 16 
0.147 17 18 19 20 21 22 23 24 
0.2941 25 26 27 28 29 30 31 32 
 
Table 6-2. Locations of spectral analysis inspection points at z/D = 2 for 3D_case1 with NFST 
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 x/xR 
0.0632 0.2531 0.5063 0.6329 0.7594 1 1.2658 4.5569 
y
/x
R
 
0.0126 1 2 3 4 5 6 7 8 
0.0759 9 10 11 12 13 14 15 16 
0.1265 17 18 19 20 21 22 23 24 
0.2531 25 26 27 28 29 30 31 32 
 
Table 6-3. Locations of spectral analysis inspection points at z/D = 2 for 3D_case2 with NFST 
 
6.3 Spectral analysis for the flat plate for NFST  
For the flat plat, frequency and wavelet spectra for the instantaneous streamwise velocity 
at a point close to the separation line and very close to the plate surface, x/xR = 0.0416 
and y/xR = 0.0083, are shown in Fig. 6-1. It is noted that there is no spectacular high or 
low frequency peaks can be distinguished in the frequency spectrum for the instantaneous 
streamwise velocity at this position as shown in Fig. 6-1a. Fig. 6-1b presents the wavelet 
spectrum for the instantaneous streamwise velocity at the same location. Clearly, there 
are no interesting events to be observed from this picture. 
At the same streamwise position and at the second wall-normal location, y/xR = 0.05, the 
instantaneous wall-normal velocity frequency spectrum is similar to that presented in Fig. 
6-1a with no recognised high or low frequency peaks as shown in Fig. 6-2a. At this 
position, the frequency spectrum for the instantaneous streamwise velocity also does not 
show any high or low frequency peaks. At the same streamwise station and at other two 
wall-normal locations, y/xR = 0.0833 and y/xR = 0.1666, the appearance of high or low 
frequencies cannot be distinguished in the frequency spectra for the instantaneous 
velocity components.  
The wavelet spectrum for the instantaneous wall-normal velocity at y/xR = 0.05 is 
presented in Fig. 6-2b. It can be seen that there are not any interesting events generated 
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by this wavelet picture. There are no interesting events evident in any of the other wavelet 
spectra at x/xR = 0.0416 for wall-normal locations. 
Wavelet power spectra at all wall-normal locations at the first streamwise point close to 
the separation point indicate that the flow in this region of the separation bubble is quiet, 
and without any considerable power concentration. 
 
       
   Fig. 6-1. Frequency and wavelet spectra for u at x/xR = 0.0416 and y/xR = 0.0083: (a) frequency 
spectrum, (b) wavelet spectrum for the flat plate with NFST 
 
    
Fig. 6-2. Frequency and wavelet spectrum for v at x/xR = 0.0416 and y/xR = 0.05: (a) frequency spectrum, 
(b) wavelet spectrum for the flat plate with NFST 
 
At the second streamwise position, x/xR = 0.1666, and for all wall-normal locations, 
frequency spectra for the instantaneous streamwise and wall-normal velocities do not 
present any high or low frequency peaks at any of the wall-normal stations. For example, 
this is shown in Figs. 6-3a and 6-3c, which present Fourier transforms for the 
instantaneous streamwise and wall-normal velocities at y/xR = 0.05, respectively.  
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At this location, wavelet transforms for the instantaneous streamwise and wall-normal 
velocities are presented in Figs. 6-3b and 6-3d, respectively. The instantaneous 
streamwise velocity spectrum shows two narrow and low amplitude power 
concentrations. The first of these extends from the beginning of the time signal to 0.18 s 
whilst the other is located between 0.32 s and 0.62 s as shown in Fig. 6-3b. Both power 
regions are of low amplitude and at a band between 0.04 ≤ scale ≤ 0.08. At the same 
location, the wavelet power spectrum for the instantaneous wall-normal velocity shown 
in Fig. 6-3d displays narrow and low-amplitude power concentrations that are centred at 
0.3, 0.4, and 0.6 s.  
At all wall-normal points at the second streamwise station, x/xR = 0.1666, wavelet power 
spectra for the instantaneous velocity components show different narrow and low-
amplitude power concentration regions distributed through the time span of the signal, 
while frequency spectra for the instantaneous velocity components still do not show any 
high or low frequency peaks.  
 
       
              
Fig. 6-3. Fourier and wavelet transforms at x/xR = 0.1666 and y/xR = 0.05: (a) Fourier transform for u, (b) 
wavelet transform for u, (c) Fourier transform for v, (d) wavelet transform for v for the flat plate with 
NFST 
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However, at the first and second streamwise positions, Fourier transform spectra do not 
show any peak in the frequency, while the wavelet power spectra show low-amplitude 
power concentration regions in the time span of the signal. This is an indication of the 
ability of the wavelet power spectra to extract the smaller power contents and details of 
the time signals. The appearance of the power concentration regions in the wavelet spectra 
at the laminar part of the separation bubble may refer to influence of the unsteadiness of 
the separated shear layer, especially, at the second streamwise location which is close to 
the start of the unsteadiness region (x/xR = 0.2). Another possible explanation for the 
appearance of the power concentration regions at the first and second streamwise 
locations is due to the effect of the shedding of vortical structures from the separated shear 
layer that occurs downstream.   
Moving downstream to the location x/xR = 0.3333, frequency spectra for the instantaneous 
streamwise and wall-normal velocities at a point very close to the wall, y/xR = 0.0083, are 
shown in Figs. 6-4a and 6-4c, respectively. In these figures, a peak with the frequency 
band 120 Hz - 140 Hz is clearly apparent, which is equivalent to 0.76 U0/xR - 0.89 U0/xR 
in the current study. At this streamwise location and for all wall-normal positions, a 
similar peak to that of the high frequency band, 0.76 U0/xR - 0.89 U0/xR, is shown by 
frequency spectra for the instantaneous velocity components. This frequency is the 
characteristic (regular) shedding frequency that is attributed to the shedding of large-scale 
structures from the separation bubble.  
The current value of the characteristic shedding frequency is in a good agreement with 
values documented in the literature. For a blunt flat plate with a turbulent separated-
reattached flow, the regular shedding frequency reported in the experimental work of 
Kiya and Sasaki (1983) was 0.6 U0/xR - 0.8 U0/xR. Cherry et al. (1984) observed 0.7 U0/xR 
as a regular shedding frequency. For a similar geometry but with a transitional separated-
reattached flow, 0.7 U0/xR - 0.875 U0/xR was obtained as a regular shedding frequency by 
Abdalla and Yang (2005). For such flow on a flat plate with a semi-circular leading edge, 
Yang and Voke (2001) found 0.77 U0/xR as the value of the regular shedding frequency.  
In a turbulent separated-reattached flow on different geometries, the regular shedding 
frequency for a backward-facing step was documented as 0.5 U0/xR - 0.8 U0/xR in Mabey 
(1972), 0.6 U0/xR in Driver et al., (1987), 0.5 U0/xR in Lee and Sung (2001) and 1 U0/xR 
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in Spazzini et al. (2001) and Heenan and Morrison (1996). In a separation bubble formed 
behind a normal flat plate mounted in the front of a long splitter plate, the value of the 
regular shedding frequency was found as 0.6 U0/xR - 0.9 U0/xR in the experimental work 
of Hudy et al. (2003). 
Wavelet spectra for the selected velocities at x/xR = 0.3333 and y/xR = 0.0083 are shown 
in Figs. 6-4b and 6-4d. It can be observed in Fig. 6-4b that the wavelet power contours 
for the instantaneous streamwise velocity clearly shows a power concentration 
corresponding to the frequency peak shown in Fig. 6-4a. Furthermore, this wavelet power 
picture shows that most of the power is concentrated within a period of 0.25 s – 0.5 s 
(0.02 ≤ scale ≤ 0.1). This power region is associated with two lower amplitude power 
regions. The first one is within a band of 0.02 ≤ scale ≤ 0.06 at a shorter period of 0.1 s – 
0.15 s, whilst the other one is within a band of 0.08 ≤ scale ≤ 0.16 at a longer period of 
0.5 s – 0.8 s. The wavelet spectrum for the instantaneous streamwise velocity that shown 
in Fig. 6-4b presents a variation in the frequency of occurrence and the associated 
amplitudes within the time signal of the instantaneous streamwise velocity. It shows three 
amplified frequencies, while the frequency spectrum for this velocity shows just one peak 
of a band of frequencies and smooths out the others. 
At the same streamwise and wall-normal locations, the wavelet power spectrum for the 
instantaneous wall-normal velocity shown in Fig. 6-4d displays three main power regions 
centred at a similar time in the power regions of the wavelet spectrum for the 
instantaneous streamwise velocity. It can be seen that most of the power is concentrated 
within a period of 0.1 s - 0.2 s which corresponds to the frequency peak shown in Fig. 6-
4c. Different events with different power concentration regions that take place over 
different times and scales are displayed by wavelet spectra at the other wall-normal 
positions of x/xR = 0.3333. These power regions refer to the shedding frequency of the 
vortical structures as captured by the frequency spectra. In addition, these wavelet 
pictures present various other power concentration regions related to frequencies that are 
rolled out by the Fourier frequency spectrum. 
However, with the clear picture provided by the wavelet spectrum about the included 
events and the time of their occurrence, results of the wavelet spectra are qualitative where 
the magnitude of the frequency peak can just be identified by the frequency spectra 
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analyses, consistent with the conclusions in Abdalla et al. (2009) for a transitional 
separated-reattached flow over a forward-facing step and a cubic obstacle. 
At the centre of the separation bubble length, x/xR = 0.5, and at wall-normal locations y/xR 
= 0.0083, y/xR = 0.05, and y/xR = 0.1666, the spectra for the instantaneous velocity 
components reveal the regular shedding frequency band 0.76 U0/xR - 0.89 U0/xR. This 
frequency is clearly presented in the instantaneous streamwise velocity frequency 
spectrum at the same streamwise position for y/xR = 0.0833, as shown in Fig. 6-5a. In 
return, the corresponding wavelet power spectrum presents a power concentration which 
indicates the time of occurrence of the frequency peak at 0.2 s ≤ time ≤ 0.3 s as shown in 
Fig. 6-5b. In addition, there are other events with lower amplitudes surrounding the peak 
frequency power concentration that are distributed along the time span of the signal. 
These power concentration regions indicate event occurrence times rolled out by the 
frequency spectra.      
 
   
    
Fig. 6-4. Frequency and wavelet spectra at x/xR = 0.3333 and y/xR = 0.0083: (a) frequency spectrum for u, 
(b) wavelet spectrum for u, (c) frequency spectrum for v, (d) wavelet spectrum for v for the flat plate with 
NFST     
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Fig. 6-5. Frequency and wavelet spectra at x/xR = 0.5 and y/xR = 0.0833 for u: (a) frequency spectrum, (b) 
wavelet spectrum for the flat plate with NFST 
 
Moving downstream to the location x/xR = 0.6666, the frequency spectrum for the 
instantaneous wall-normal velocity that is very close to the solid surface at y/xR = 0.0083 
is shown in Fig. 6-6a. In this frequency spectrum, and in the instantaneous streamwise 
velocity frequency spectrum, the regular shedding frequency band 0.76 U0/xR - 0.89 U0/xR 
is not observed and no high or low frequency peaks can be seen.  
At the same streamwise station, moving upward to all other wall-normal locations, 
frequency spectra for the instantaneous velocity components do not show any high or low 
frequency peaks. It is worth pointing out that this streamwise position of the separation 
bubble is located within the recirculation zone, as expected, a high frequency will be seen 
in the associated frequency spectra. 
However, at this streamwise location the wavelet transform still presents the presence of 
various events, as shown in Fig. 6-6b. This figure shows the wavelet spectrum for the 
instantaneous wall-normal velocity at y/xR = 0.0083. It is clearly seen that there is a main 
power concentration within a long period of 0.2 s ≤ time ≤ 0.8 s within a band of 0.12 ≤ 
scale ≤ 0.22.  
In this region of the separation bubble, it is useful to understand that the wavelet spectrum 
offers an indication of the dynamics of the coherent structures after being shed from the 
separated layer, such as their pairing (merging) or evolution (as will be shown in Chapter 
7), while the frequency spectra do not show any peak frequencies indicative of these 
events. Wavelet transforms for the instantaneous velocity components at all other wall-
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normal stations at this streamwise position give evidence for the occurrence of specific 
events that indicate the development of coherent structures. 
    
Fig. 6-6. Fourier and wavelet transforms for v at x/xR = 0.6666 and y/xR = 0.0083: (a) Fourier transform, 
(b) wavelet transform for the flat plate with NFST 
 
A similar scenario for the frequency and wavelet spectra behaviour can be seen when 
moving downstream to the streamwise position x/xR = 0.8333, which is also located within 
the recirculation zone. There are no high or low frequency peaks in the frequency spectra 
for the instantaneous velocity components at all wall-normal locations, while the wavelet 
power spectra for the instantaneous velocity components show various power 
concentrations within different bands of scales and periods of time. As an example, the 
frequency and wavelet spectra for the instantaneous streamwise velocity at x/xR = 0.8333 
and y/xR = 0.05 that shown in Figs. 6-7a and 6-7b respectively. The wavelet power 
spectrum shows a number of power concentrations that are connected with each other and 
extend throughout the entire life span of the signal. These amplified powers may indicate 
a significant change in the coherent structure shape from two-dimensional Kilven-
Helmholtz rolls to three-dimensional hairpin structures by direct breakdown (as will be 
shown in Chapter 7). This process may produce different power concentrations as shown 
in Fig. 6-7b. A narrow scales band of amplified power concentration can be seen in this 
figure that occurs within 0.3 s ≤ time ≤ 0.4 s. This power concentration is between lower 
scale and shorter time bands power region and higher scale and longer time bands power 
region. 
Again, it can be concluded that the wavelet power spectra provide more details of the 
time signal more than the frequency spectra where in the later spectra analysis, many of 
the flow events cannot be traced. 
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There is a possible explanation for the absence of any amplified frequency within the 
frequency spectra downstream of x/xR = 0.5, as shown in the previous figures. This could 
possibly be due to the current transitional separated-reattached flow not being 
characterized by a strong shedding process, where the rapidly becomes turbulent. This 
will be discussed further in Chapter 7. A similar conclusion was also made by Abdalla et 
al. (2007) for a transitional separation on a surface-mounted obstacle.  
    
     
Fig. 6-7. Fourier and wavelet spectra for u at x/xR = 0.8333 and y/xR = 0.05: (a) Fourier spectrum, (b) 
wavelet spectrum for the flat plate with NFST 
 
At the reattachment point, x/xR = 1, and further downstream at the two points within the 
turbulent boundary layer, x/xR = 1.0833 and 3, frequency and wavelet spectra for the 
instantaneous streamwise and wall-normal velocities at different wall-normal locations 
are shown in Figs. 6-8, 6-9, and 6-10. It is found that at all wall-normal positions and at 
these three streamwise locations, the Fourier frequency spectra for the instantaneous 
velocity components are quiet, and also no high or low frequency peaks can be detected. 
This is clearly seen in Figs. 6-8a and 6-9a, which present frequency spectra for the 
instantaneous streamwise velocity at points (x/xR = 1, y/xR = 0.0083) and (x/xR = 1.0833, 
y/xR = 0.05) and in Fig. 6-10a for the instantaneous wall-normal velocity frequency 
spectrum at the point (x/xR = 3, y/xR = 0.0833).  
Wavelet spectra for the instantaneous velocity components at similar locations are shown 
in Figs. 6-8b, 6-9b, 6-10b. The wavelet spectrum for the instantaneous streamwise 
velocity at the point (x/xR = 1, y/xR = 0.0083) is shown in Fig. 6-8b. In spite of the absence 
of any frequency peak in the Fourier transform at this location, the wavelet transform 
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shows that there is a significant power concentration centred at 0.4 s. This power may 
indicate the event associated with the coherent structures shedding from the separation 
bubble to the reattached turbulent boundary layer. 
Further downstream in the reattached turbulent boundary layer at a location located close 
to the reattachment point, x/xR = 1.0833, the wavelet power spectrum for the instantaneous 
streamwise velocity at y/xR = 0.05 is presented in Fig. 6-9b. It is clear that a power 
concentration is present which is associated with a continuous breakdown of the coherent 
structures to smaller structures, indicating that the reattached turbulent boundary layer 
has not yet reached the recovery state. This is discussed in detail in Chapter 8. 
 
    
Fig. 6-8. Frequency and wavelet spectra for u at x/xR = 1 and y/xR = 0.0083: (a) frequency spectrum, (b) 
wavelet spectrum for the flat plate with NFST 
 
     
Fig. 6-9. Frequency and wavelet spectra for u at x/xR = 1.0833 and y/xR = 0.05: (a) frequency spectrum, 
(b) wavelet spectrum for the flat plate with NFST 
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Fig. 6-10. Frequency and wavelet spectra for v at x/ xR = 3 and y/xR = 0.0833: (a) frequency spectrum, (b) 
wavelet spectrum for the flat plate with NFST 
 
At the last streamwise point, x/xR = 3, within the turbulent boundary layer, the wavelet 
power transform for the instantaneous wall-normal velocity at y/xR = 0.0833 is shown in 
Fig. 6-10b. The power content in this figure seems to be associated with continuous 
development of the turbulent boundary layer after the reattachment. Despite this 
streamwise location approaching the end of the computational box, the wavelet power 
spectrum still provides evidence of the occurrence of certain events which may indicate 
the delay in the turbulent boundary layer reaching its equilibrium state. This is shown in 
detail in Chapter 8. 
6.4 Spectral analysis for 3D_case1 for NFST 
In this section, the spectra analysis is applied to 3D_case1 with NFST. At the streamwise 
station x/xR = 0.0735, where is close to the separation line, the instantaneous wall-normal 
velocity frequency and wavelet spectra at y/xR = 0.0147 and the instantaneous streamwise 
velocity frequency and wavelet spectra at y/xR = 0.0882 are shown in Fig. 6-11.  
There are no distinguished high or low frequency peaks that can be observed in the 
frequency spectra for either instantaneous velocity components. At the same streamwise 
position and at other wall-normal locations, the instantaneous velocity components 
spectra do not have any indication of existing high or low frequency peaks.  
There are no interesting events that can be seen in the wavelet spectra for the 
instantaneous velocity components at all wall-normal locations at the same streamwise 
position. This is clearly shown in wavelet transforms for the instantaneous streamwise 
velocity at y/xR = 0.0147 and the instantaneous wall-normal velocity at y/xR = 0.0882, as 
Chapter Six                                                                                                                                         Spectral Analysis 
 
212 
 
can be seen in Figs. 6-11b and 6-11d, respectively. It can be seen that there is a short scale 
and period bands of low amplitude power regions distributed in the wavelet pictures in 
these two figures. It is similar, indeed, for other wavelet pictures for the instantaneous 
velocity components at other wall-normal positions for x/xR = 0.0735. 
No considerable power regions are observed in the wavelet contours at x/xR = 0.0735 for 
all wall-normal positions. This indicates that the flow close to the separation point is quiet 
and without any activity due to development of coherent structures or disturbances 
created by elevated levels of intensity of free stream turbulence. This is also found to be 
the case in the flat plate, as shown in Section 6-3. As shown previously, the current 
spectral analysis is carried out under the effects of low intensity of free stream turbulence 
(< 0.2%).  
Moving downstream to the location x/xR = 0.2941, the frequency spectra for the 
instantaneous streamwise and wall-normal velocities at y/xR = 0.0882 are shown in Figs. 
6-12a and 6-12c, respectively. In these spectra, and the frequency spectra for the 
instantaneous velocity components at other wall-normal positions at this streamwise 
station, no obvious high or low frequency peaks could be identified.  
At the same streamwise and wall-normal stations (x/xR = 0.2941, y/xR = 0.0882), it can be 
seen that relatively considerable power regions appear in the wavelet spectra for the 
instantaneous velocity components as shown in Fig. 6-12b for the instantaneous 
streamwise velocity and Fig. 6-12d for the instantaneous wall-normal velocity. The 
wavelet spectrum in Fig. 6-12b clearly shows a power concentration region centred 
around a time of 0.3 s and connected with other low scale band power regions. The power 
region that is presented in Fig. 6-12d extends across a period of 0.35 ≤ time ≤ 0.7 with a 
scale band of 0.02 ≤ scale ≤ 0.08. At the same streamwise location and indeed for other 
wall-normal positions, wavelet spectra for the velocity components show different, 
moderate power regions distributed within the time signals. 
As well as showing for the flat plate, the reason of low amplitude power regions in the 
wavelet spectra at x/xR = 0.2941 is due to influence of the unsteadiness of the separated 
shear layer or shedding of vortical structures from the separated shear layer located 
downstream.   
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Fig. 6-11. Frequency and wavelet spectra at x/xR = 0.0735: (a) frequency spectrum for v at y/xR = 0.0147, 
(b) wavelet spectrum for v at y/xR = 0.0147, (c) frequency spectrum for u at y/xR = 0.0882, (d) wavelet 
spectrum for u at y/xR = 0.0882 for 3D_case1 with NFST 
 
   
    
Fig. 6-12. Frequency and wavelet spectra at x/xR = 0.2941 and y/xR = 0.0882: (a) frequency spectrum for 
u, (b) wavelet spectrum for u, (c) frequency spectrum for v, (d) wavelet spectrum for v for 3D_case1 with 
NFST 
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At the streamwise station, x/xR = 0.5882, and for all wall-normal locations, the 
instantaneous velocity components frequency spectra present clearly a band of peak 
frequencies at about 150 Hz - 180 Hz as shown in Fig. 6-13a for the instantaneous wall-
normal velocity at y/xR = 0.0882 and Fig. 6-13c for the instantaneous streamwise velocity 
at y/xR = 0.147.  In the current study, this is equivalent to 0.54 U0/xR - 0.65 U0/xR. This 
frequency band is the characteristic (regular) shedding frequency that indicates the 
shedding of large scale structures from the separation bubble.  
For 3D_case1 or any three-dimensional geometry flow, it is believed that the current 
study is the first to report on spectral analysis for transitional separated-reattached flow 
over such a geometry. Therefore, there is no a comparison between the value of the 
regular shedding frequency in 3D_case1 and other studies. 
The value of the regular shedding frequency for 3D_case1 is different from that identified 
from the flat plate. However, the regular shedding frequency magnitude for 3D_case1 is 
in a good agreement with that reported in the literature for different two-dimensional 
geometries in Section 6.3. 
The wavelet transform for each set of the instantaneous velocity components shows 
various interesting events located at the same streamwise station, x/xR = 0.5882, along the 
wall-normal direction. At y/xR = 0.0882, the wavelet picture for the instantaneous wall-
normal velocity shown in Fig. 6-13b presents numerous high amplitude power regions, 
one of which is indicative of the characteristic shedding frequency captured in the 
frequency spectrum shown in Fig. 6-13a. Other power regions indicate other involved 
frequencies, though these are not apparent in the frequency spectrum.  
At the same streamwise station and the wall-normal position, y/xR = 0.147, the wavelet 
transform for the instantaneous streamwise velocity illustrates a high amplitude power 
concentration extending from the beginning of the time signal to 0.2 s, as shown in Fig. 
6-13d. This power region may indicate the regular shedding frequency shown in Fig. 6-
13b. In addition, it can be seen that another power region connects with the first power 
region with similar bands of scales, where it may be considered a repetition of the event 
shown by the first power concentration region. 
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Fig. 6-13. Frequency and wavelet spectra at x/xR = 0.5882: (a) frequency spectrum for v at y/xR = 0.0882, 
(b) wavelet spectrum for v at y/ xR = 0.0882, (c) frequency spectrum for u at y/xR = 0.147, (d) wavelet 
spectrum for u at y/xR = 0.147 for 3D_case1 with NFST 
 
All other frequency spectra for the instantaneous velocity components at the same 
streamwise station, x/xR = 0.5882, and for all other wall-normal locations show a similar 
magnitude of the regular shedding frequency band. In this streamwise position, wavelet 
spectra show power concentration regions associated with the current shedding frequency 
in addition to the other power contents, which are not otherwise apparent in the frequency 
spectra. 
For all wall-normal locations at the streamwise position, x/xR = 0.7352, frequency spectra 
for the selected velocity components clearly show the existing regular shedding frequency 
band, 0.54 U0/xR - 0.65 U0/xR. This is shown in Fig. 6-14a for the instantaneous 
streamwise velocity frequency spectrum at the wall-normal position, y/xR = 0.0882. 
Similarly, other frequency spectra for the instantaneous velocity components for other 
wall-normal positions show this frequency band.  
Wavelet spectra for each of the selected velocities at this streamwise position show a 
concentration of power at different times with different scales. This is shown in Fig. 6-
14b for the instantaneous streamwise velocity wavelet spectrum at y/xR = 0.0882. In this 
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figure, there is a wide power region corresponding to the regular shedding frequency that 
extends from 0.3 s to the end of the time signal, in addition to the narrow power region 
bounded by 0.6 s ≤ time ≤ 0.75 s and 0.02 s ≤ scale ≤ 0.06 s that may indicate other 
frequency content that is not apparent in the frequency spectrum presented in Fig. 6-14a.  
 
      
Fig. 6-14. Fourier and wavelet transforms for u at x/xR = 0.7352 and y/xR = 0.0882: (a) Fourier transform, 
(b) wavelet transform for 3D_case1 with NFST 
 
Going further downstream to x/xR = 0.8823, the regular shedding frequency band 0.54 - 
0.65 U0/xR can barely be identified in the instantaneous velocity components at the first 
and second wall-normal positions, y/xR = 0.0147 and 0.0882, where there is no appearance 
of this frequency peak at the other two wall-normal locations. This is clearly shown in the 
frequency spectrum in Fig. 6-15a for the instantaneous wall-normal velocity at the second 
wall-normal position, y/xR = 0.0882, and Fig. 6-15c for the instantaneous streamwise 
velocity at the third wall-normal position, y/xR = 0.147. 
A large number of events are still apparent in the wavelet transforms for the selected 
velocity components at this streamwise position. As can be seen in Fig. 6-15b, which 
shows the instantaneous wall-normal velocity wavelet spectrum at y/xR = 0.0882, there is 
a very narrow scale band power region starting from the beginning of the time signal and 
ending at 0.1 s. This power concentration indicates the frequency peak in the frequency 
spectrum for this velocity. In addition, the low amplitude power regions can be seen 
centred at 0.4 s and 0.8 s which indicate the occurrence of events with lower frequencies. 
At the same streamwise station, x/xR = 0.8823, and at y/xR = 0.147, the wavelet spectrum 
for the instantaneous streamwise velocity shows a power concentration region with 
Chapter Six                                                                                                                                         Spectral Analysis 
 
217 
 
similar time and scale bands to those shown in the wavelet spectrum for the instantaneous 
wall-normal velocity at y/xR = 0.0882 as shown in Fig. 6-15d. This power region may be 
indicative of the shedding frequency peak, though this peak is not apparent in the 
frequency spectrum in Fig. 6-15c. The power spectrum shown in Fig. 6-15d shows the 
presence of additional low amplitude power regions that indicate other events that can be 
associated with the development of coherent structures in this part of the separation 
bubble.  
 
      
       
Fig. 6-15. Frequency and wavelet spectra at x/xR = 0.8823: (a) frequency spectrum for v at y/xR = 0.0882, 
(b) wavelet spectrum for v at y/xR = 0.0882, (c) frequency spectrum for u at y/xR = 0.147, (d) wavelet 
spectrum for u at y/xR = 0.147 for 3D_case1 with NFST 
 
For all wall-normal locations at the mean reattachment point, x/xR = 1, and two turbulent 
boundary layer locations, x/xR =1.1764 and 5.2941, there are no high or low frequency 
peaks apparent in either of the selected velocity components frequency spectra. This is 
shown in Figs. 6-16a, 6-17a, and 6-18a, which present the Fourier transforms for the 
instantaneous wall-normal velocity at (x/xR = 1, y/xR = 0.0882), the instantaneous 
streamwise velocity at (x/xR = 1.1764, y/xR = 0.147) and the instantaneous streamwise 
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velocity at (x/xR = 5.2941, y/xR = 0.0882). From these figures, it can be clearly seen that 
there are no frequency peaks that can be distinguished in the frequency spectra.  
However, for all geometrises studied here, flow structures are shed from the separation 
bubble to the reattached turbulent flow which still develop further downstream, as will be 
demonstrated in Chapter 8. Although the frequency spectra do not show the powers 
released by these processes, the wavelet transform method clearly illustrates these powers 
as shown in Figs. 6-16, 6-17 and 6-18. 
The wavelet transform for the instantaneous wall-normal velocity at the mean 
reattachment point and close to the shear layer centre at y/xR = 0.0882 shows two low 
amplitude power regions. The first is close to beginning the time signal, whilst the other 
region extends from 0.4 s to a time close to the end of the time signal as shown in Fig. 6-
16b. These two power regions, and indeed other narrow power regions, indicate that there 
are events still taking place at this streamwise station regardless of the fact that these 
powers do not appear in the frequency spectra. Further downstream, similar behaviour 
can be seen in terms of the power regions in the wavelet spectra at the two streamwise 
positions located in the turbulent boundary layer as shown in Fig. 6-17b for x/xR = 1.1764 
and Fig. 6-18b for x/xR = 5.2941. 
 
    
Fig. 6-16. Frequency and wavelet spectra for v at x xR = 1 and y/xR = 0.0882: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case1 with NFST 
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Fig. 6-17. Frequency and wavelet spectra for u at x/xR = 1.1764 and y/xR = 0.147: (a) frequency spectrum, 
(b) wavelet spectrum for 3D_case1 with NFST 
 
      
Fig. 6-18. Frequency and wavelet spectra for u at x/xR = 5.2941 and y/xR = 0.0882: (a) frequency 
spectrum, (b) wavelet spectrum for 3D_case1 with NFST 
 
6.5 Spectral analysis for 3D_case2 for NFST 
For 3D_case2, spectral analysis employing the frequency and wavelet transform methods 
is carried out using the inspection stations detailed in Table 6-3. At the streamwise 
position, which is close to the separation point x/xR = 0.0632, frequency and wavelet 
spectra for the instantaneous streamwise velocity at a position close to the solid surface, 
y/xR = 0.0126, are shown in Figs. 6-19a and 6-19b, respectively. It can be found that no 
any frequency peaks are identified in the frequency spectrum, while the wavelet spectrum 
presents a number of very low amplitude power regions with narrow bands of scales. 
At y/xR = 0.1265, frequency and wavelet spectra of the instantaneous wall-normal velocity 
present similar behaviour, where there is no frequency peak in the frequency spectrum 
and the wavelet transform shows a narrow and low amplitude power region, as can be 
seen in Figs. 6-19c and 6-19d respectively. All frequency and wavelet spectra for the 
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instantaneous velocity components at the other wall-normal locations at this streamwise 
station present a similar situation. 
 
   
    
Fig. 6-19. Frequency and wavelet spectra at x/xR = 0.0632: (a) frequency spectrum for u at y/xR = 0.0126, 
(b) wavelet spectrum for u at y/xR = 0.0126, (c) frequency spectrum for v at y/xR = 0.1265, (d) wavelet 
spectrum for v at y/xR = 0.1265 for 3D_case2 with NFST 
 
For the second streamwise station at x/xR = 0.2531, the frequency spectra for the 
instantaneous velocity components at all wall-normal locations have not got any 
frequency peaks. This is shown in frequency spectrum for the instantaneous streamwise 
velocity at y/xR = 0.0126 in Fig. 6-20a, and for the instantaneous wall-normal velocity at 
y/xR = 0.2531 in Fig. 6-20c. Frequency spectra for the instantaneous velocity components 
at the other wall-normal locations are also failed to capture any high or low peaks in the 
frequency. 
At this streamwise point and for all wall-normal stations, low amplitude power regions 
can be seen in the wavelet transform as shown in Fig. 6-20b for the instantaneous 
streamwise velocity at y/xR = 0.0126, and Fig. 6-20d for the instantaneous wall-normal 
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velocity at y/xR = 0.2531. All other wavelet spectra at all other wall-normal positions at 
x/xR = 0.2531 exhibit low amplitude power regions with different time and scale bands. 
 
    
    
Fig. 6-20. Frequency and wavelet spectra at x/xR = 0.2531: (a) frequency spectrum for u at y/xR = 0.0126, 
(b) wavelet spectrum for u at y/xR = 0.0126, (c) frequency spectrum for v at y/xR = 0.2531, (d) wavelet 
spectrum for v at y/xR = 0.2531 for 3D_case2 with NFST 
 
With their relatively low levels of intensity of free stream turbulence, the figures for the 
wavelet spectra are similar for all geometries. The wavelet spectra show no considerable 
power regions at the location just after the separation line, and low amplitude power 
concentrations in a position just upstream of the start of the unsteadiness in the free shear 
layer. A similar reason for this behaviour as that discussed for the flat plate (in Section 
6.3) and 3D_case1 (in Section 6.4) is likely. 
Close to the mid-distance of the separation bubble at x/xR = 0.5063, frequency spectra for 
the instantaneous velocity components at all wall-normal positions show a frequency 
peak band bounded between 150 Hz and 180 Hz. This is clearly observed in Fig. 6-21a, 
which shows the instantaneous streamwise velocity frequency spectrum at y/xR = 0.0759, 
and Fig. 6-21c, which shows the instantaneous wall-normal velocity frequency spectrum 
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at y/xR = 0.1265. In addition, the peak in the high frequency region is also shown in the 
frequency spectra for the velocity components at other wall-normal locations.  
This frequency band corresponds to that identified in 3D_case1, and is equivalent to 0.62 
U0/xR - 0.75 U0/xR for 3D_case2. This band of frequencies is the characteristic (regular) 
shedding frequency of vortical structures from the separated layer and is in a good 
agreement with such frequencies reported in the literature for different two-dimensional 
geometries. 
 
    
    
Fig. 6-21. Frequency and wavelet spectra at x/xR = 0.5063: (a) frequency spectrum for u at y/xR = 0.0759, 
(b) wavelet spectrum for u at y/xR = 0.0759, (c) frequency spectrum for v at y/xR = 0.1265, (d) wavelet 
spectrum for v at y/xR = 0.1265 for 3D_case2 with NFST 
 
At x/xR = 0.5063, the wavelet spectra for each of the velocity components show high 
amplitude power regions that relate to the characteristic shedding frequency.  For 
example, the wavelet spectrum for the instantaneous wall-normal velocity at y/xR = 0.1265 
is shown in Fig. 6-21d. This wavelet picture presents two repeated high-power 
concentration regions, one of which is relatively large whilst the other is somewhat 
smaller. The large power region is bounded by a range of scales of 0.04 ≤ scale ≤ 0.08, 
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whilst the smaller one is characterized by a narrow scales band of 0.02 ≤ scale ≤ 0.04. 
The time between centres of each of the repeated power regions is 0.35 s. The large power 
region is associated with the regular shedding frequency, whilst the small power region 
indicates an event frequency that is smoothed out by the frequency spectra. 
The wavelet transforms for each of the instantaneous velocity components at x/xR = 
0.5063 and all wall-normal points exhibit different power concentration regions that are 
characterised by different time and scale bands. Some of these regions indicate the 
structure shedding frequency apparent in the frequency spectra for each of the 
instantaneous velocity components. 
Further downstream at x/xR = 0.6329, frequency spectra for the instantaneous velocity 
components present a frequency peak at all wall-normal positions except the fourth (y/xR 
= 0.2531). This is clearly seen in Fig. 6-22. It can be clearly shown that the frequency 
spectra for the wall-normal velocity at y/xR = 0.0759 present the frequency peak with the 
band of values of 0.62 U0/xR - 0.75 U0/xR as shown in Fig. 6-22a. This frequency peak 
indicates the regular shedding frequency of the coherent structures that shed from the 
separated shear layer. No frequency peaks can be recognized in the frequency spectra for 
the instantaneous streamwise velocity at y/xR = 0.2531, which is the fourth wall- normal 
location, as shown in Fig. 6-22c. However, the characteristic shedding frequency that is 
shown in Fig. 6-22a refers that the separated shear layer at the streamwise position of x/xR 
= 0.6329 is still affected by the shedding process of the flow structures.  
The reason of disappearance of a frequency peak in the frequency spectra for the 
instantaneous streamwise velocity at the fourth wall-normal location (y/xR = 0.2531) 
shown in Fig. 6-22c is due to that this location is close to the edge of the separated shear 
layer, i.e., the distance between this location and the centre of the separated shear layer is 
longer than the distance between other wall-normal locations and the centre of the 
separated shear layer.  
It is worth pointing out that the most important events, such as vortex shedding, take place 
close to the centre of the separated shear layer. Therefore, the effect of these events is 
clearly shown in the frequency spectra for the instantaneous flow variables at inspection 
locations that are located close to the centre of the separated shear layer rather than those 
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away from the centre of the separated shear layer. So, it is usual to present a frequency 
peak in the frequency spectra of the instantaneous velocity at y/xR = 0.0759 (as shown in 
Fig. 6-22a) and disappear a frequency peak in the frequency spectra of the instantaneous 
velocity at y/xR = 0.2531 (as shown in Fig. 6-22c).    
At the same streamwise location (x/xR = 0.6329), the wavelet spectra for the instantaneous 
wall-normal velocity at y/xR = 0.0759 are shown in Fig. 6-22b. It can be seen that there is 
major power region is centred around 0.4 s with a band of 0.1 ≤ scale ≤ 0.2. Linked to 
this event, there is another event which is characterised by lower band of scale compared 
the major event (0.02 ≤ scale ≤ 0.04). These two events are thought to be associated with 
the frequency peak noticed in the frequency spectra for the instantaneous wall-normal 
velocity at same streamwise and wall-normal position shown in Fig. 6-22a. The wavelet 
spectra shown in Fig. 6-22b also indicate that there are two events with much narrower 
band of scale compared the major event. One of these events has taken place at 0.4 ≤ time 
≤ 0.7 and the other, which is with lower power concentration, has taken place at 0.7 ≤ 
time ≤ 0.8. 
Comparing the events presented by the frequency spectra with the events presented by 
wavelet spectra shown in Figs. 6-22a and 6-22b respectively, it is clearly observed that 
the frequency spectra and wavelet spectra present the event that associates with the vortex 
shedding with the regular shedding frequency. This event is indicated by the sharp 
frequency peak band (0.62 U0/xR - 0.75 U0/xR) that is shown in the frequency spectra and 
the major power region that is shown in the wavelet spectra. In addition, the wavelet 
spectra capture up other two power concentration regions that refer to other events at the 
time when they happened. These two events may indicate to the coherent structures 
development process or vortex shedding with frequency is lower than the regular 
shedding frequency. These two events are ruled out by the frequency spectra, where in 
the frequency spectra there is just one frequency peak that clearly indicates to the 
magnitude of the regular shedding frequency.  
The difference between the frequency spectra and wavelet spectra that shown above is 
associated with the fact that the wavelet spectra can provide only qualitative results and 
give a better picture of the extent of the event and any smaller events associated with it 
and the time of occurrence of these events compared with the frequency spectra.      
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Move upward to the fourth wall-normal position (y/xR = 0.2531) at the same streamwise 
location (x/xR = 0.6329), the wavelet spectra for the instantaneous streamwise velocity is 
shown in Fig. 6-22d. Although the frequency spectra for the instantaneous streamwise 
velocity at this location do not show any peak of frequencies as shown in Fig 6-22c, the 
wavelet spectra present different power concentration regions. Absence of frequency 
peak in the frequency spectra at this location is because this location is far from the centre 
of the separated shear layer. However, the superiority of the wavelet transform method 
over its Fourier transform counterpart is presented here, where the wavelet spectra present 
occurrence of events as shown in Fig. 6-22d.  
In Fig. 6-22d, the wavelet spectra present a significant power region. This power region 
indicates an event that is taken place over a period of 0 ≤ time ≤ 0.5. With narrower scale 
band, shorter period and lower amplitude than that for the main event, there are two power 
concentration regions presented in the wavelet spectra indicative of the occurrence of 
different events. The events that presented by the wavelet spectra are thought to be 
associated with the development of the large structures that shed from the separated shear 
layer. Unfortunately, these events are ruled out by the frequency spectra that are shown 
in Fig. 6-22c. Therefore, the current simulated results show that the wavelet spectra can 
present different power regions which indicate different events that are not presented by 
the frequency spectra.  Similar observation was reported by Abdalla et al. (2009) where 
they performed the wavelet transform and Fourier transform methods for the spectral 
analyses. Abdalla et al. (2009) showed that while the frequency spectra do not show any 
frequency peak, the wavelet spectra present different power concentration regions 
indicating different events.  
At x/xR = 0.7594, which is just before the mean reattachment point, there is no sign of any 
recognized frequency peak in the frequency spectra for the instantaneous velocity 
components at all wall-normal positions as shown in Figs. 6-23. On the other hand, the 
associated wavelet spectra still show the power regions indicative of development of the 
flow structures. 
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Fig. 6-22. Frequency and wavelet spectra at x/xR = 0.6329: (a) frequency spectrum for v at y/xR = 0.0759, 
(b) wavelet spectrum for v at y/xR = 0.0759, (c) frequency spectrum for u at y/xR = 0.2531, (d) wavelet 
spectrum for u at y/xR = 0.2531 for 3D_case2 with NFST 
 
    
    
Fig. 6-23. Frequency and wavelet spectra at x/xR = 0.7594: (a) frequency spectrum for u at y/xR = 0.0126, 
(b) wavelet spectrum for u at y/xR = 0.0126, (c) frequency spectrum for v at y/xR = 0.1265, (d) wavelet 
spectrum for v at y/xR = 0.1265 for 3D_case2 with NFST 
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Like the flow in the flat plate and 3D_case1, similar behaviour mentioned above is seen 
in the frequency and wavelet spectra at the streamwise station located just before the mean 
reattachment line as presented in Sections 6.3 and 6.4 respectively. At this location, there 
is no frequency peak in the frequency spectra, while the wavelet transforms indicate 
strong regions of power. This is considered quite normal because this location is within 
the region where coherent structures are expected to develop. Development of coherent 
structures, such as breakdown or topological development, as will be shown in Chapter 
7, releases kinetic energy that manifests as power regions in the wavelet figures. 
At the mean reattachment point and at locations further downstream, similar behaviour 
of in the frequency and wavelet spectra to that shown in Section 6.3 for the flat plate and 
Section 6.4 for 3D_case1 can be observed here. No frequency peak can be detected in the 
frequency spectra, while wavelet spectra still show high amplitude power regions at the 
mean reattachment point, x/xR = 1.2658 and x/xR = 4.5569. Figs. 6-24, 6-25, 6-26 give 
examples of frequency and wavelet spectra for the instantaneous velocity components at 
different wall-normal locations for these three streamwise stations. It can be seen that 
there are no peaks in the frequency spectra, but wavelet spectra still show different 
amplitude power regions.  
At the mean reattachment point, the wavelet spectrum for the instantaneous streamwise 
velocity shown in Fig. 6-24b displays an elevated amplitude power region that extends 
from the beginning of the time signal  to  approximately 0.5 s and  is  bounded within 
0.08 ≤ scale ≤ end of available scales. This power region is indicative of the shedding of 
flow structures from the separation bubble to the reattached turbulent flow which 
normally takes place at such a position of the flow.  
Further downstream, a large number of power regions with the lower amplitudes 
associated with flow development of a non-recovered turbulent boundary layer are 
illustrated by the wavelet spectra in Fig. 6-25b, which presents the wavelet transform for 
the instantaneous wall-normal velocity at x/xR = 1.2658, and Fig. 6-26b, which presents 
wavelet transform for the instantaneous streamwise velocity at x/xR = 4.5569.     
As will be discussed in Chapter 8, after the reattachment the turbulent boundary layer still 
develops due to the existence of flow structures and their development. This may explain 
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the appearance of power concentration regions that are displayed by the wavelet spectra 
within this part of the transitional separated-reattached for all geometries studied here.  
  
    
Fig. 6-24. Frequency and wavelet spectra for u at x xR = 1 and y/xR = 0.0126: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case2 with NFST 
 
     
Fig. 6-25. Frequency and wavelet spectra for v at x/xR = 1.2658 and y/xR = 0.1265: (a) frequency 
spectrum, (b) wavelet spectrum for 3D_case2 with NFST 
 
      
Fig. 6-26. Frequency and wavelet spectra for v at x/xR = 4.5569 and y/xR = 0.2531: (a) frequency 
spectrum, (b) wavelet spectrum for 3D_case2 with NFST 
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6.6 Spectral analysis locations for FST 
A similar procedure to that performed in Section 6.2 is used here to investigate frequency 
modes in the presence of a 3.7% of intensity of free stream turbulence for all geometries. 
There are specific inspection points used to store 40,000 symbols for the instantaneous 
pressure and velocity components taken every 10 time steps, corresponding to 0.8 s total 
simulation time with a sampling frequency of 50 kHz. For all geometries, seven 
streamwise, four wall-normal and three spanwise locations were chosen as inspection 
points.  
For the flat plate, the streamwise locations are x/D = 0.25, 1, 2, 3, 4.2, 5, and 18, 
corresponding to x/xR = 0.059, 0.238, 0.476, 0.714, 1, 1.19, and 4.285, respectively. 
Spanwise positions are z/D = 1, 2, and 3. 
For 3D_case1, the streamwise locations are x/D = 0.25, 1, 1.5, 2, 2.5, 3.5, and 18, 
corresponding to x/xR = 0.1, 0.4, 0.6, 0.8, 1, 1.4, and 7.2, respectively. Spanwise positions 
are z/D = 1.6, 2, 2.4. 
For 3D_case2, the streamwise locations are x/D = 0.25, 1, 2, 2.5, 3.1, 4, and 18, 
corresponding to x/xR = 0.08, 0.322, 0.645, 0.806, 1, 1.29, 5.806, respectively. Spanwise 
positions are z/D = 1.2, 2, 2.8. 
Wall-normal locations for all geometries when shifting the origin point of the wall-normal 
axis to the geometry surface are y/D = 0.05, 0.3, 0.5, and 1. These locations correspond 
to y/xR = 0.012, 0.071, 0.119, 0.238 for the flat plate, y/xR = 0.02, 0.12, 0.2, 0.4 for 
3D_case1 and y/xR = 0.016, 0.096, 0.161, 0.322 for 3D_case2, respectively. Spectral 
analysis inspection points are detailed in Table 6-4 for the flat plate, Table 6-5 for 
3D_case1, and Table 6-6 for 3D_case2. 
It is worth pointing out that inspection of Fourier spectra for the instantaneous pressure 
and velocity components for all geometries shows similar behaviour at each selected 
point. So, the spectral analysis for just the instantaneous streamwise and wall-normal 
velocities will be presented here, as well as those carried out for NFST. In addition, 
Fourier transform spectra for the instantaneous velocity components at all spanwise 
positions for the same streamwise and wall-normal locations show very similar results. 
Therefore, all of the following Fourier transform spectra figures corresponding to data at 
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the spanwise position are located at the centre of the computational domain, z/D = 2. 
Accordingly, wavelet spectra figures are presented and described here for just these 
selected Fourier transform spectral points. 
 
 x/xR 
0.059 0.238 0.476 0.714 1 1.19 4.285 
y
/x
R
 
0.012 1 2 3 4 5 6 7 
0.071 8 9 10 11 12 13 14 
0.119 15 16 17 18 19 20 21 
0.238 22 23 24 25 26 27 28 
 
Table 6-4. Locations of spectral analysis inspection points at z/D = 2 for the flat plate with FST 
 
 x/xR 
0.1 0.4 0.6 0.8 1 1.4 7.2 
y
/x
R
 
0.02 1 2 3 4 5 6 7 
0.12 8 9 10 11 12 13 14 
0.2 15 16 17 18 19 20 21 
0.4 22 23 24 25 26 27 28 
 
Table 6-5. Locations of spectral analysis inspection points at z/D = 2 for 3D_case1 with FST 
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 x/xR 
0.08 0.322 0.645 0.806 1 1.29 5.806 
y
/x
R
 
0.016 1 2 3 4 5 6 7 
0.096 8 9 10 11 12 13 14 
0.161 15 16 17 18 19 20 21 
0.322 22 23 24 25 26 27 28 
 
Table 6-6. Locations of spectral analysis inspection points at z/D = 2 for 3D_case2 with FST 
 
To the best of the author’s knowledge, there is only one study in the literature that has 
used the wavelet transform to analyse the time signal for a transitional separated-
reattached flow over a two-dimensional cubic obstacle and forward-facing step. This 
study was carried out by Abdalla et al. (2009). However, they did not consider a high 
level of intensity of free stream turbulence in their study.  
If the wavelet transform is performed in a presence of a high intensity of free stream 
turbulence, the obvious question is that whether there any similarities or differences 
between this case and that of NFST. The current study will discover that. 
6.7 Spectral analysis for the flat plate for FST 
Frequency spectra for the time signals stored in the streamwise position just after the 
separation line (x/xR = 0.059) do not show high or low peaks in frequency at any wall-
normal location. This can be confirmed by the frequency spectrum presented in Fig. 6-
27a for the instantaneous streamwise velocity at y/xR = 0.012 and Fig. 6-27c for the 
instantaneous wall normal velocity at y/xR = 0.071. Wavelet spectra at the same 
streamwise position and all wall-normal locations show the presence of high amplitude 
power regions distributed along the span of the time signal as presented for the 
instantaneous streamwise velocity at y/xR = 0.012 in Fig. 6-27b and the instantaneous wall 
normal velocity at y/xR = 0.071 in Fig. 6-27d. 
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Fig. 6-27. Frequency and wavelet spectra at x/xR = 0.059: (a) frequency spectrum for u at y/xR = 0.012, (b) 
wavelet spectrum for u at y/xR = 0.012, (c) frequency spectrum for v at y/xR = 0.071, (d) wavelet spectrum 
for v at y/xR = 0.071 for the flat plate with FST 
 
In spite of the flow in this location still being laminar, the wavelet transform indicates the 
existence of power concentration regions. It is shown in the previous sections that power 
concentration regions are associated with the energy released from the development 
stages of coherent strictures. In the present case, namely that of elevated intensity of free 
stream turbulence, there are no large structures formed yet and the flow is still laminar at 
x/xR = 0.059. So, it can be concluded that the power concentration regions apparent in the 
wavelet spectra in the laminar flow region of the separated layer indicate the presence of 
elevated intensity of free stream turbulence and its effects on the incoming flow.  
Moving downstream to x/xR = 0.238, there is a peak of high frequency with a band ranging 
over 145 Hz - 170 Hz that can be seen in the frequency spectra at all wall-normal locations 
as shown in Fig. 6-28a for frequency spectrum for u at y/xR = 0.071 and Fig. 6-28c for 
frequency spectrum for v at y/xR = 0.119. This frequency band is equivalent to 0.646 U0/xR 
– 0.757 U0/xR. So, the characteristic (regular) shedding frequency for the flat plate with 
FST is 0.646 U0/xR – 0.757 U0/xR. This value of high frequency is close to that found with 
NFST for the same geometry (0.76 U0/xR - 0.89 U0/xR). This indicates that the Kelvin-
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Helmholtz instability is still the primary instability mechanism in the free shear layer. It 
is worth pointing out that the value of characteristic shedding frequency is in a good 
agreement with that reported in the literature in Section 6.3.  
 
    
     
Fig. 6-28. Frequency and wavelet spectra at x/xR = 0.238: (a) frequency spectrum for u at y/xR = 0.071, (b) 
wavelet spectrum for u at y/xR = 0.071, (c) frequency spectrum for v at y/xR = 0.119, (d) wavelet spectrum 
for v at y/xR = 0.119 for the flat plate with FST 
 
It is worth noting that the frequency spectra at x/xR = 0.238 show not only a peak for the 
characteristic shedding frequency, but also there is another peak with a higher frequency 
centred around 1000 Hz (equivalent to 4.456 U0/xR) as shown in Fig. 2-28c, that illustrates 
the frequency spectra for the instantaneous wall-normal velocity at y/xR = 0.119. The high 
frequency does not manifest clearly in the position close to the solid surface while it is 
clearly apparent in other wall-normal positions as shown in Figs. 6-28a and 6-28c. 
The high frequency value is approximately seven times that of the characteristic shedding 
frequency. The selective high shedding frequency mode was detected in Tafti and Vanka 
(1991) for a turbulent separated-reattached flow and in Abdalla and Yang (2005) for a 
transitional separated-reattached flow over a blunt flat plate. In these studies, the value of 
such a high shedding frequency was estimated to be seven times the magnitude of the 
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regular shedding frequency. Thus, the current selective high shedding frequency value is 
in a good agreement with the values presented in Tafti and Vanka (1991) and Abdalla and 
Yang (2005). 
Wavelet spectra at x/xR = 0.238 continue to show power concentration regions that 
correspond to the regular and selective high shedding frequencies. These regions, with 
their different time and scale bands, are nevertheless similar to those found for NFST as 
shown in Figs. 6-28b and 6-28d. 
Further downstream at x/xR = 0.476 and, indeed, at all wall-normal locations, there are no 
any high or low frequency peaks apparent in the frequency spectra as shown in Figs. 6-
29a, 6-29c. Furthermore, at this streamwise location, the associated wavelet spectra 
exhibit high amplitude power regions consistent with the development of large structures 
in this region of the separation bubble as shown in Figs. 6-29b, 6-29d. 
 
   
    
Fig. 6-29. Frequency and wavelet spectra at x/xR = 0.476: (a) frequency spectrum for v at y/xR = 0.071, (b) 
wavelet spectrum for v at y/xR = 0.071, (c) frequency spectrum for u at y/xR = 0.119, (d) wavelet spectrum 
for u at y/xR = 0.119 for the flat plate with FST 
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At a location just prior to the mean reattachment (x/xR = 0.714) and for all wall-normal 
locations, frequency spectra for the instantaneous velocity components do not show any 
high or low frequency peaks. Wavelet spectra at this streamwise location still present 
power concentration regions indicating energy released from the development of coherent 
structures. This behaviour is shown in Figs. 6-30a and 6-30b, where the frequency and 
wavelet spectra, respectively, are plotted for the instantaneous streamwise velocity at y/xR 
= 0.071. 
 
      
Fig. 6-30. Frequency and wavelet spectra for u at x/xR = 0.714 and y/xR = 0.071: (a) frequency spectrum, 
(b) wavelet spectrum for the flat plate with FST 
 
At the mean reattachment point and two further streamwise points in the reattached 
turbulent boundary layer (x/xR = 1.19 and x/xR = 4.285) and for all wall-normal positions, 
no high or low frequency peaks can be observed in the frequency spectra for the 
instantaneous velocity components as shown in Fig. 6-31a for x/xR = 1, Fig. 6-32a for x/xR 
= 1.19 and Fig. 6-33a for x/xR = 4.285. 
At x/xR = 1, the wavelet transform spectra still show power concentration regions 
corresponding to energy released from shedding structures from the separation bubble as 
shown in Fig. 6-31b.  
Power regions shown in the wavelet transforms at x/xR = 1.19 and x/xR = 4.285 indicate 
the development of turbulent boundary layers after the reattachment associate with the 
energy generated from the breakdown of large structures to smaller turbulent structures, 
as will be presented in Chapter 7. This is clearly shown in Fig. 6-32b for x/xR = 1.19 and 
Fig. 6-33b for x/xR = 4.285. 
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Fig. 6-31. Frequency and wavelet spectra for u at x/xR = 1 and y/xR = 0.119: (a) frequency spectrum, (b) 
wavelet spectrum for the flat plate with FST 
 
     
Fig. 6-32. Frequency and wavelet spectra for v at x/xR = 1.19 and y/xR = 0.071: (a) frequency spectrum, (b) 
wavelet spectrum for the flat plate with FST 
 
     
Fig. 6-33. Frequency and wavelet spectra for u at x/xR = 4.285 and y/xR = 0.238: (a) frequency spectrum, 
(b) wavelet spectrum for the flat plate with FST 
 
6.8 Spectral analysis for 3D_case1 for FST 
Close to the separation line at a streamwise location of x/xR = 0.1, the frequency spectra 
for the instantaneous velocity components at all wall-normal stations seem to be quiet, 
and are without any high or low frequency peaks. This is clearly shown in Figs. 6-34a 
and 6-34c. 
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An inspection of the wavelet spectra recorded at same streamwise position reveals that 
these spectra are non-uniform and involve numerous power concentration regions, as 
shown in Figs. 6-34b and 6-34d. The non-uniformity arises due to the effects of elevated 
intensity of free stream turbulence within the incoming flow. A similar observation can 
be made for the investigation of wavelet spectra contours at a streamwise position close 
to the separation line for the flat plate. An abnormal distribution of power concentration 
regions in the wavelet spectra is also observed, indicative of the effects of high intensity 
of free stream turbulence in this region of the separation bubble. 
 
    
    
Fig. 6-34. Frequency and wavelet spectra at x/xR = 0.1: (a) frequency spectrum for u at y/xR = 0.02, (b) 
wavelet spectrum for u at y/xR = 0.02, (c) frequency spectrum for v at y/xR = 0.12, (d) wavelet spectrum 
for v at y/xR = 0.12 for 3D_case1 with FST 
 
Moving downstream to x/xR = 0.4, a peak associated with a high frequency band between 
150 Hz and 190 Hz is clearly shown in the frequency spectra at just the first and second 
wall-normal stations, where frequency spectra at the third and fourth wall-normal stations 
do not show this high frequency band, as can be seen from Figs. 6-35a, 6-35c and 6-35e. 
The high frequency band is clearly apparent in frequency spectrum for the instantaneous 
streamwise velocity at the second wall-normal location (y/xR = 0.12) as presented in Fig. 
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6-35a, while the frequency spectrum for the instantaneous wall-normal velocity at the 
third wall-normal location (y/xR = 0.2) does not show a frequency peak as can be seen 
from Fig. 6-35c. However, the high frequency band for 3D_case1 is equivalent to 0.397 
U0/xR - 0.503 U0/xR. This high frequency band is indicative of the characteristic shedding 
frequency for this geometry with FST. Clearly, this is a good agreement between the 
characteristic shedding frequency for 3D_case1 with FST and NFST (0.54 U0/xR - 0.65 
U0/xR). Thus, the Kelvin-Helmholtz instability remains the primary instability mechanism 
in the free shear layer for this geometry, whether the flow has a high intensity of free 
stream turbulence or otherwise, as presented in Chapter 5. 
   
     
     
    
Fig. 6-35. Frequency and wavelet spectra at x/xR = 0.4: (a) frequency spectrum for u at y/xR = 0.12, (b) 
wavelet spectrum for u at y/xR = 0.12, (c) frequency spectrum for v at y/xR = 0.2, (d) wavelet spectrum for 
v at y/xR = 0.2, (e) frequency spectrum for u at y/xR = 0.4, (f) wavelet spectrum for u at y/xR = 0.4 for 
3D_case1 with FST 
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Another interesting high-frequency peak can be seen at the fourth wall-normal location 
only as shown in Fig. 6-35e, as can be seen in the frequency spectrum for the 
instantaneous streamwise velocity at y/xR = 0.4. This high frequency peak is centred 
around approximately 1000 Hz and has a value equivalent to 2.652 U0/xR for 3D_case1. 
As observed for the flat plate, this high frequency peak is the result of the selective high 
shedding frequency and is approximately seven times the value of the characteristic 
shedding frequency for 3D_case1.  
Due to the characteristic shedding frequency being present at just the first and second 
wall-normal positions close to the geometry surface, the wavelet spectrum for the 
instantaneous streamwise velocity demonstrates amplitude power concentration region at 
y/xR = 0.12 as shown in Fig. 6-35b. This region indeed corresponds to the value of the 
characteristic shedding frequency. The wavelet spectrum for the instantaneous wall-
normal velocity at y/xR = 0.2 shown in Fig. 6-35d indicates lower amplitude power 
regions. At this location, the characteristic shedding frequency is not present in the 
frequency spectrum as shown in Fig. 6-35c. 
Going further downstream to x/xR = 0.6, the characteristic and selective high frequencies 
have disappeared in the frequency spectra for the instantaneous velocity components at 
all wall-normal positions as shown in Figs. 3-36a and 3-36c. 
Development of large structures is still apparent in the wavelet spectra at x/xR = 0.6. This 
is clearly shown by power regions in the wavelet transforms in Figs. 3-36b and 3-36d. 
Similar behaviour for the frequency and wavelet spectra can be seen at x/xR = 0.8 in Fig. 
6-37. 
At the mean reattachment point, no high or low peak frequency can be observed in 
frequency spectra, while wavelet spectra still present different power concentration 
regions indicating a process whereby structures are shed from the separation bubble as 
shown in Fig. 6-38.  
Within the region of the development of the reattached turbulent boundary layer, the 
frequency spectra at the two selected points (x/xR = 1.4 and x/xR = 7.2) do not show any 
high or low frequency peaks at all wall-normal locations, as can be seen in Fig. 6-39 for 
x/xR = 1.4 and Fig. 6-40 for x/xR = 7.2. In these figures, the energy released from the 
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breakdown of large structures into smaller turbulent structures is represented the power 
concentration regions that can be seen in the wavelet spectrum contours.   
 
    
     
Fig. 6-36. Frequency and wavelet spectra at x/xR = 0.6: (a) frequency spectrum for v at y/xR = 0.02, (b) 
wavelet spectrum for v at y/xR = 0.02, (c) frequency spectrum for u at y/xR = 0.12, (d) wavelet spectrum 
for u at y/xR = 0.12 for 3D_case1 with FST 
 
     
Fig. 6-37. Frequency and wavelet spectra for u at x/xR = 0.8 and y/xR = 0.2: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case1 with FST 
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Fig. 6-38. Frequency and wavelet spectra for v at x/xR = 1 and y/xR = 0.12: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case1 with FST 
 
     
Fig. 6-39. Frequency and wavelet spectra for u at x/xR = 1.4 and y/xR = 0.2: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case1 with FST 
 
     
Fig. 6-40. Frequency and wavelet spectra for v at x/xR = 7.2 and y/xR = 0.4: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case1 with FST 
 
6.9 Spectral analysis for 3D_case2 for FST 
Inspection of the frequency spectra for the instantaneous velocity components at a 
position just after the separation line (x/xR = 0.08) shows that there are no high or low 
frequency peaks at any of the wall-normal locations as shown in Figs. 6-41a and 6-41c. 
Due to effects of the elevated intensity of free stream turbulence, as shown in the flat plat 
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and 3D_case1, wavelet spectra at this location show many power regions distributed 
throughout the time signal as can be seen in Figs. 6-41b and 6-41d.  
    
    
    
Fig. 6-41. Frequency and wavelet spectra at x/xR = 0.08: (a) frequency spectrum for u at y/xR = 0.016, (b) 
wavelet spectrum for u at y/xR = 0.016, (c) frequency spectrum for v at y/xR = 0.096, (d) wavelet spectrum 
for v at y/xR = 0.096 for 3D_case2 with FST 
 
At the second streamwise position (x/xR = 0.322), and with the exception of the fourth 
wall-normal location, the characteristic shedding frequency appears to be represented by 
a high frequency peak band extending from 150 Hz to 190 Hz as shown in Figs. 6-42a, 
6-42c, and 6-42e. For 3D_case2 with FST, the characteristic shedding frequency is 
equivalent to 0.493 U0/xR – 0.624 U0/xR. It can be seen that there is a good agreement 
between the current characteristic shedding frequency and one with NFST (0.62 U0/xR - 
0.75 U0/xR). In addition to the characteristic shedding frequency, frequency spectra at x/xR 
= 0.322 and the fourth wall-normal location (y/xR = 0.322) indicate a high selective 
shedding frequency with a value centred at around 1000 Hz as shown in Fig. 6-42e. For 
3D_case2, the high selective shedding frequency is equivalent to 3.29 U0/xR. As presented 
for the flat plate and 3D_case1, the value of the high selective shedding frequency for 
3D_case2 is close to seven times that of the characteristic shedding frequency. This is 
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considered to be in a good agreement with the equivalent results reported by Tafti and 
Vanka (1991) and Abdalla and Yang (2005). 
The wavelet spectra presented in Figs. 6-42b, 6-42d and 6-42f show a number of power 
concentration regions related to the high frequencies captured in the frequency spectra at 
same streamwise location. 
 
    
     
      
Fig. 6-42. Frequency and wavelet spectra at x/xR = 0.322: (a) frequency spectrum for u at y/xR = 0.096, (b) 
wavelet spectrum for u at y/xR = 0.096, (c) frequency spectrum for v at y/xR = 0.161, (d) wavelet spectrum 
for v at y/xR = 0.161, (e) frequency spectrum for v at y/xR = 0.322, (f) wavelet spectrum for v at y/xR = 
0.322 for 3D_case2 with FST 
 
Moving further downstream to the streamwise points located within the separation 
bubble, at the mean reattachment point and within the reattached turbulent boundary 
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layer, frequency spectra do not display any high or low frequency peaks whilst wavelet 
spectra still indicate power regions that correspond to various events taking place at these 
points, such as development of coherent structures, their breakdown, and their shedding 
to the reattached turbulent boundary layer. These are shown in Fig. 6-43 for x/xR = 0.645, 
Fig. 6-44 for x/xR = 0.806, Fig. 6-45 for x/xR = 1, Fig. 6-46 for x/xR = 1.29 and Fig. 6-47 
for x/xR = 5.806. 
    
    
Fig. 6-43. Frequency and wavelet spectra at x/xR = 0.645: (a) frequency spectrum for u at y/xR = 0.016, (b) 
wavelet spectrum for u at y/xR = 0.016, (c) frequency spectrum for v at y/xR = 0.161, (d) wavelet spectrum 
for v at y/xR = 0.161 for 3D_case2 with FST 
 
     
Fig. 6-44. Frequency and wavelet spectra for u at x/xR = 0.806 and y/xR = 0.096: (a) frequency spectrum, 
(b) wavelet spectrum for 3D_case2 with FST 
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Fig. 6-45. Frequency and wavelet spectra for v at x/xR = 1 and y/xR = 0.016: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case2 with FST 
 
     
Fig. 6-46. Frequency and wavelet spectra for v at x/xR = 1.29 and y/xR = 0.161: (a) frequency spectrum, (b) 
wavelet spectrum for 3D_case2 with FST 
 
     
Fig. 6-47. Frequency and wavelet spectra for u at x/xR = 5.806 and y/xR = 0.322: (a) frequency spectrum, 
(b) wavelet spectrum for 3D_case2 with FST 
 
6.10 Existing frequency modes 
From the above spectral analysis, the investigation of existence of any frequency mode 
(low shear layer flapping frequency, characteristic shedding frequency, and selective high 
shedding frequency) in each case study in the current thesis is carried out. 
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For NFST, the characteristic shedding frequency is found to lie within a band of 
frequencies. For the flat plate this band is 120 Hz - 140 Hz which is equivalent to 0.76 
U0/xR - 0.89 U0/xR. For 3D_case1 and 3D_case2 this band is 150 Hz - 180 Hz, which is 
equivalent 0.54 U0/xR - 0.65 U0/xR for 3D_case1 and 0.62 U0/xR - 0.75 U0/xR for 3D_case2. 
For FST, the characteristic shedding frequency is also found within a band of frequencies. 
In the flat plate this band is 145 Hz - 170 Hz, which is equivalent 0.646 U0/xR - 0.757 
U0/xR, while it is found as 150 Hz - 190 Hz for both three-dimensional geometries, 
equivalent to 0.397 U0/xR - 0.503 U0/xR for 3D_case1 and 0.493 U0/xR - 0.624 U0/xR for 
3D_case2.  
For all geometries, there is no existence of selective high shedding frequency mode with 
NFST, while there is a sign for this mode in the frequency spectra with FST. The 
magnitude of this high frequency is approximately seven times that of the value of the 
characteristic shedding frequency. 
It is important to mention that the selective high shedding frequency mode was detected 
in Tafti and Vanka (1991) for a turbulent separated-reattached flow, and in Abdalla and 
Yang (2005) for a transitional separated-reattached flow over a blunt flat plate. In these 
studies, the value of this high shedding frequency was estimated to be seven times that of 
the magnitude of the regular shedding frequency. The high frequency mode has also been 
reported in experimental work into turbulent separation conducted by Kiya and Sasaki 
(1983) for a blunt flat plate, and by Lee and Sung (2001) for a backward-facing step.  
The low frequency mode (low frequency flapping), which is believed to be due to the free 
shear layer flapping, has identified in various turbulent separation studies and the 
transitional separated-reattached flow in Yang and Voke (2001) for a flat plate with a 
semi-circular leading edge. For turbulent separation flows, Hillier and Cherry (1981), 
Kiya and Sasaki (1983), and Cherry et al. (1984) found this low frequency mode to have 
a value of 0.12U0/xR.  
Based on the data with NFST, 0.12U0/xR is equivalent to 18.85 Hz for the flat plate, 33.26 
Hz for 3D_case1 and 28.63 Hz for 3D_case2. So, the low frequency flapping would occur 
every 0.05 s for the flat plate, 0.03 s for 3D_case1, and 0.035 s for 3D_case2 where it 
exits. In the current study, the sampling process was carried out over 0.8 s for all 
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geometries. So, the current samples were able to cover 16, 27 and 23 low frequency cycles 
in the flat plate, 3D_case1, and 3D_case2, respectively, again if this mode exists.  
With FST, 0.12U0/xR is equivalent to 26.92 Hz for the flat plate, 45.24 Hz for 3D_case1, 
and 36.48 Hz for 3D_case2. Thus, if the low frequency shear layer flapping exists, it 
would take place every 0.037 s for the flat plate, 0.022 s for 3D_case1 and 0.027 s for 
3D_case2. Therefore, the total simulation time (0.8 s) could cover 22, 36 and 30 low 
frequency modes in the flat plate, 3D_case1 and 3D_case2, respectively, if it exists. 
It is worth pointing out that the sampling time in Tafti and Vanka (1991) was equivalent 
to just three low frequency cycles and this phenomenon was straightforwardly captured 
in their study. So, we can say with some confidence that the low shear layer flapping 
really is absent in the current study. 
It was believed that the reason for the disappearance of the low frequency shear layer 
flapping in transitional separated-reattached flows was due to the action of the laminar 
part of the separation bubble, which works as a ‘filter’ for the low frequency motion in 
the shear layer (Abdalla and Yang, 2005). In addition, this phenomenon only appears in 
turbulent separated-reattached flows, as was suggested by Cherry et al. (1984). Moreover, 
Castro (2005) reported that if the ratio of the backflow velocity to the free stream velocity 
is less than 20%, low frequency shear layer flapping is generally absent. As shown in 
Chapter 5, the maximum backflow velocity is smaller than 20% of the local free stream 
velocity for all geometries. Therefore, the current study is consistent with the above 
studies, where the low amplitude power concentration regions apparent in the wavelet 
power spectra close to the separation line in the current study do not represent the low 
frequency shear layer flapping, but are rather related to either the start of the unsteadiness 
or structure-shedding process that occurs downstream.  
6.11 Summary  
Within transitional separated-reattached flow over all geometries used in the current 
study, specific inspection points are selected to collect the instantaneous pressure and 
velocity components at every 10 time steps during the time period (0.8 s). This is carried 
out for two cases of disturbances of the flow: a low intensity of free stream turbulence (< 
0.2%) and an elevated intensity of free stream turbulence (3.7%). 
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Fourier transform and wavelet power transform are used to analyse the spectra of the time 
signal. The wavelet power spectra clearly show the extent of events (amplitudes) and the 
time at which they occurred (and indeed their reoccurrence period if this happened). In 
addition, any associated smaller events, as characterised by narrow scales (periods) and 
shorter times, are apparent in the wavelet figures. These smaller events are smoothed out 
by Fourier transform spectra.  
Close to the separation line, different intensities in the power regions of wavelet spectra 
are observed depending on whether the flow case is NFST or FST. With NFST, wavelet 
spectra are uniform, and contain very low amplitude power regions. However, with FST, 
wavelet spectrum contours seem to be non-uniform with many amplified power 
concentration regions, indicating the influence of a high level of disturbances in the 
incoming flow on the free shear layer.  
Fourier transform spectra show that the regular shedding frequency of vortical structures 
from the separated shear layer for all geometries is in a good agreement with that 
documented in the literature. Furthermore, it is observed that for all geometries studied 
here, there is a good agreement between the characteristic shedding frequencies, whether 
the flow has a high or low intensity of free stream turbulence. In addition, there is no 
apparent effect due to the aspect ratio of the three-dimensional geometry on the magnitude 
of the characteristic shedding frequency. It is also observed that for a specific distance 
downstream from the mid-distance of the separation bubble, frequency spectra do not 
show the frequency peak of the regular shedding frequency. A possible explanation for 
this observation could be due to the current transitional separated-reattached flow not 
being characterized by a strong shedding process and thus that there is a rapid 
transformation to turbulent flow.       
For all geometries, the selective high shedding frequency mode is absent with NFST. 
With FST, this frequency mode appears in the frequency spectra recorded for all 
geometries. The magnitude of this high frequency is approximately seven times that of 
the value of the characteristic shedding frequency. 
For all geometries with NFST and FST, inspection of Fourier transform spectra shows 
that there is no trace any low frequency modes (shear layer flapping) in the thorough 
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spectra analysis conducted for the selected instantaneous velocity components in the 
current study.  
Low amplitude power content in the wavelet spectra for the first and second streamwise 
locations, which are in the laminar shear layer and close to the separation point, for all 
geometries might indicate the presence of the low frequency shear layer flapping 
phenomenon, although the frequency spectra at these locations do not show any low 
frequency peak. However, the appearance of the low amplitude power concentration 
regions in the wavelet spectra in the laminar part of the separation bubble is believed due 
to the influence of the unsteadiness in the separated shear layer, especially on the second 
streamwise location which is close to the start of the unsteadiness region. Another 
possible explanation for these low power concentration regions was due to the effects of 
the shedding of vortical structures from the separated shear layer that takes place 
downstream.      
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Chapter Seven 
              Development of Coherent Structures 
 
7.1 Two-dimensional flow visualization for NFST  
In order to have an initial conception for forming and development of coherent structures, 
the x-y plane of instantaneous pressure contours and the corresponding instantaneous 
velocity vectors at the mid-distance of the spanwise direction, z/D = 2, with the sequential 
times (every 250 time steps) are considered in this chapter.  
For the flat plate, the formation of a weak vortex can be observed at a region between x/xR 
= 0.25 and x/xR = 0.3 as shown in Fig. 7-1a, where four structures A, B, C, and D can be 
seen. Structure A is the smallest structure, and is formed in the early stage of the separation 
bubble. Structures B and C move downstream along the separated shear layer and they 
become larger and larger. Structure C becomes the largest one and moves further from 
the separation line. The distance between structures B and C becomes shorter compared 
with the distance between structures C and D as shown in Fig. 7-1b, where it is believed 
that the structure C moves slowly due to its larger size. It is clear seen that structure B 
tries to ‘catch up’ with structure C in a region between x/xR = 0.4 and x/xR = 0.6, where 
considerable three-dimensional motions of the flow take place. At the same time, 
structure A grows when moving downstream as shown in Fig. 7-1b.  
Gradually, structures B and C merge with each other to form a new and strong structure 
E as shown in Fig. 7-1c. The structure E moves a short distance downstream as shown in 
Figs. 7-1d and 7-1e and then breaks down into smaller structures around the mean 
reattachment line as shown in Figs. 7-1f, 7-1g, and 7-1h. Structure D is considered to be 
a precursor structure to the structure E, and breaks down into smaller structures around 
the mean reattachment line, this is also shown in Figs. 7-1c and 7-1d.  
At the same time, another structure upstream of structure A begins to form as shown in 
Fig. 7-1e. This new structure moves downstream and it is believed that it merges with 
structure A to form a new large structure F as shown in Fig. 7-1f. When structure F moves 
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downstream, another structure is formed at upstream of structure F as shown in Figs. 7-
1f, 7-1g and 7-1h, indicating that the there is a repetition of the above process. 
 
 
 
Caption for these figures is on the following page 
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Fig. 7-1. Instantaneous pressure contours and the corresponding instantaneous velocity vectors for the flat 
plate displaying vortex formation and shedding at sequential times (every 250 time steps) with NFST 
 
In transitional separated-reattached flow for 3D_case1, it can be seen that the Kelvin-
Helmholtz rolls are formed at about x/xR = 4.5 as shown for structure A in Fig. 7-2a. In 
this figure, the structure previously named B becomes larger as it moves downstream. In 
a further location, at x/xR = 6, structure B develops a distortion to its shape. This 
development takes a certain distance and ends around the mean reattachment line as 
shown in Figs 7-2b, 7-2c, and 7-2d. Further downstream, structure B decays, where it is 
observed with some difficulty as shown in Figs. 7-2e and 7-2f.  
A similar situation to the above scenario can be seen for structure A as shown in Figs 7-
2d, 7-2e, and 7-2f. Generally, this scenario repeats itself with every newly formed 
structure as shown in Fig. 7-2.  
It can be seen that there is no vortex merging stage for this geometry, where it is believed 
that this stage is unlikely to happen in 3D_case1. This is an interesting difference in the 
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transition stages presented in the current study between 3D_case1 and the flat plate, where 
in the latter geometry the vortex merging stage can be clearly seen, as per Fig. 7-1.  
Fig. 7-3 shows stations of coherent structure motion in 3D_case2 from their shedding 
from the separated layer to their decay in the reattached turbulent boundary layer. It is 
clearly seen that there is no appearance of the structures merging along the separation 
bubble for this geometry, which is similar to that observed for 3D_case1. Hence, it can 
be concluded that the vortex merging process, as one of coherent structure development 
stages, may not occur in a transitional separated-reattached flow on a three-dimensional 
geometry.  
Coherent structure development for 3D_case2 that is exhibited in Fig. 7-3 shows the 
formation of Kelvin-Helmholtz rolls at about x/xR = 3.5 as shown in Fig. 7-3a. In this 
figure, it can be seen that there are three structures: A, which is at the early stage of the 
transition; B, which is larger than A and located at about x/xR = 5.5; and C, which is close 
to the mean reattachment line. Structure A travels downstream and becomes larger while 
structure B seems to be smaller due to its breakdown into smaller structures as shown in 
Fig. 7-3b. In this figure, there is a reduction in size of structure C that is interpreted as a 
breakdown in this structure. 
Structure A still grows when moving downstream as shown in Figs. 7-3c, d, and e. In Fig. 
7-3f, there is another structure that forms in the first half of the separation bubble while 
structure A passes to the second half of the separation bubble. At the same time, structure 
B sheds to the reattached turbulent boundary layer as shown in Fig. 7-3f. The new 
structure then grows and moves downstream and structure A seems to be smaller 
compared to its nominal size in Fig. 7-3f, this is shown in Fig. 7-3g. Finally, the new 
structure becomes larger and structure A disappears as shown in Fig. 7-3h. 
For all geometries, it can be clearly observed that there is a periodic process of formation, 
movement, shedding and disintegration of the structures as shown in Fig. 7-1 for the flat 
plate, Fig. 7-2 for 3D_case1 and Fig. 7-3 for 3D_case2. 
The fact that there are no vortices merging in both 3D_case1 and 3D_case2 is most likely 
due to the twisting nature of the Kelvin-Helmholtz structure in the first half of the 
separation bubble. This may lead to early breakdown of this rectangular ring vortex into 
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four Kelvin-Helmholtz structures on each surface. This event may reduce the ability of 
Kelvin-Helmholtz structures to merge with each other. Thus, it can be concluded that the 
transition stages in the three-dimensional geometries are shorter in the space and time 
than the transition stages for the flat plate. The transition to turbulence in three-
dimensional geometries takes place quickly to form a smaller separation bubble compared 
with the separation bubble that is constructed on the flat plate. 
 
 
 
 
 
Caption for these figures is on the following page 
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Fig. 7-2. Instantaneous pressure contours and the corresponding instantaneous velocity vectors for 
3D_case1 displaying vortex formation and shedding at sequential times (every 250 time steps) with NFST 
 
 
 
Caption for these figures is on the following page 
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Fig. 7-3. Instantaneous pressure contours and the corresponding instantaneous velocity vectors for 
3D_case2 displaying vortex formation and shedding at sequential times (every 250 time steps) with NFST 
 
7.2 Three-dimensional flow visualization for NFST  
For a more accurate realization of the formation of coherent structures and their 
subsequent development, a three-dimensional flow visualization of coherent structures is 
employed here. Basically, there are three flow visualization techniques described in the 
literature: low-pressure isosurface, vorticity field isosurface, and Q-criterion isosurface.  
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Robinson (1991a) employed low-pressure isosurfaces to investigate the development of 
coherent structures in a turbulent boundary layer. Streamwise vorticity isosurfaces were 
used by Comte et al. (1998) to reveal coherent structures in a turbulent mixing layer flow. 
They compared these schemes and showed that the low-pressure isosurface is more 
accurate than the vorticity field isosurface in illustrating coherent structures in the flow 
in the a presence of a solid surface due to a high mean shear created by the no-slip 
condition compared to the typical vortical intensity of the vortices located close to the 
solid surface.  
However, Abdalla and Yang (2004b) speculated that employing a low-pressure isosurface 
requires that the threshold which is strongly dependent on the pressure surrounding the 
vortical structure needs to be adjusted. They reported that in the regions with a high 
concentration of vortices, this technique may fail to capture the details of the vortical 
organization. Abdalla and Yang (2004b) showed that a positive Q-criterion isosurface 
isolates areas where the strength of the rotation exceeds the strain, leading to coherent 
structures that can be identified as vortex envelops. 
For the present study, the low pressure, vorticity field and Q-criterion isosurfaces are 
adopted as the flow visualization schemes to examine coherent structures and their 
development.  
7.2.1 Low pressure isosurface  
For the flat plate, four low fluctuating pressure isosurfaces are taken at sequential times 
(every 250 time steps), which are shown in Fig. 7-4. The flow topology shows the 
shedding of two-dimensional Kelvin-Helmholtz rolls downstream of the plate’s leading 
edge. These rolls grow in size when they move downstream as shown in Fig. 7-4a. It is 
clear that around x/xR = 0.6, the Kelvin–Helmholtz structures are subjected to a ‘waviness’ 
motion along the spanwise direction, these keep their two-dimensionality nature due to 
their axis remaining perpendicular to the flow direction as shown in Fig. 7-4b. It can be 
seen that the growth of Kelvin–Helmholtz structures is due to the merging between two 
rolls as shown in Fig. 7-4c, where there are two Kelvin-Helmholtz structures catch up 
with each other and merge to form one large structure. This large vortex keeps its 
coherency and two-dimensional nature where its axis is still perpendicular to the flow 
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direction. It is worth pointing out that the vortex merging process is captured clearly in 
the current study as shown in Fig. 7-4c. It is possible that the vortex merging process 
takes place over a very short time period, and 250 time steps might not be sufficient to 
present many vortex merging processes.  
Further downstream, the new two-dimensional structure breaks down into small three-
dimensional hairpin structures around the mean reattachment line. These streamwise 
structures move a certain distance within the reattached turbulent boundary layer before 
their own breakdown into smaller turbulent structures.   
For transitional separated-reattached flow on a blunt flat plate, Abdalla and Yang (2004b) 
reported the stages of coherent structure development. They showed that Kelvin–
Helmholtz rolls that shed downstream of the plate leading edge subsequently pair with 
each other and grow in size as they move downstream. The Kelvin–Helmholtz structures 
are subjected to what can loosely be described as sinusoidal undulation (waviness) along 
the spanwise direction, maintaining their coherency and two-dimensional nature where 
their axis remains perpendicular to the flow direction. Further downstream, Kelvin–
Helmholtz structures become more distorted leading to the appearance of a well-
organized array of hairpin streamwise vortices originating from the initially shed vortical 
roll.  
It was concluded in Abdalla and Yang (2004b) that these streamwise three-dimensional 
structures develop and evolve as a topological consequence of the spanwise oscillation of 
the Kelvin–Helmholtz rolls, where these rolls transform into lambda-shaped (hairpin) 
vortices. The heads of these three-dimensional vortices lie on the original Kelvin–
Helmholtz rolls while the legs connect the following rolls. These streamwise vortices 
become part of the core of the spanwise vortices, as resulting from the pairing of two 
Kelvin–Helmholtz rolls.  
In addition to the lambda-shaped vortices, Abdalla and Yang (2004b) observed the 
formation of streamwise rib vortices as a sequence of evolving Kelvin–Helmholtz rolls. 
It was assumed that these ribs actually originated from the lambda-shaped vortices which 
were subjected to greater amounts of stretching along the axial direction leading to the 
disintegration of their legs.  
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Abdalla and Yang (2004b) concluded that the formation of the new structure, formed due 
to the pairing of two Kelvin-Helmholtz rolls, was due to a helical-pairing instability which 
is a secondary instability mechanism of the transition. This instability mechanism is 
believed to be responsible of the formation of the large structure in the current study due 
to the similarity between the current study and that of Abdalla and Yang (2004b) about 
the new large structure formation. 
Despite the similarity between coherent structure development in the current study and 
Abdalla and Yang’s (2004b) study involving the waviness action and formation of large 
structures from the merging of two Kelvin-Helmholtz rolls and their transformation into 
hairpin structures, there is a difference in the later stages of the coherent structure 
development between these two studies. In the present study, Kelvin–Helmholtz rolls 
break down directly into hairpin structures, while Yang and Abdalla (2008) showed that 
the three-dimensional structures were the result of a topological evolution of the large 
two-dimensional structures. Abdalla and Yang (2004b) reported that hairpin structures 
were connected between two Kelvin–Helmholtz rolls, where their heads lay on the 
original Kelvin-Helmholtz roll while their legs connected the following roll. In addition, 
it should be noted that rib-like structures are not formed here, though they were clearly 
apparent in Abdalla and Yang (2004b). 
Rapid disintegration of the large structure, which is observed in the current study, was 
also reported for numerous transitional separated-reattached flows over different 
geometries. For a surface-mounted obstacle and forward-facing step, Abdalla et al. (2009) 
observed a rapid breakdown of the large structure into hairpin structures, but, rib-like 
structures were not observed in their study.  
Ba et al. (2014) observed the rapid formation of hairpin vortices, which evolved from 
transverse Kelvin-Helmholtz structures shedding from the free shear layer over a two-
dimensional bump. It was shown in Ba et al. (2014) that during the early stages of the 
transition, which constitute the location of the initial stage of coherent structure 
formation, transverse vortices with evident two-dimensionality were formed. These 
vortices lines extend directly along the spanwise direction. Due to the increased 
disturbance downstream, these vortices lose their two-dimensional nature and rapidly 
transform into hairpin structures.   
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McAuliffe and Yaras (2010) employed the low pressure isosurface to present the 
development of coherent structures in transitional separated-reattached flow that were 
induced by an adverse pressure gradient on a flat plate. They demonstrated that Kelvin-
Helmholtz rolls rapidly transform into hairpin-like structures in the reattachment region. 
For a separation bubble that formed on a flat plate, Spalart and Strelets (2000) observed 
that Kelvin-Helmholtz vortices instantly become three-dimensional structures. They 
reported that there was a sudden transition and a rapid breakdown to turbulence. 
In the later stages of the transition in a separation bubble formed on a NACA 0018 
aerofoil, Kurelek et al. (2016) and Kirk and Yarusevych (2017) reported that spanwise 
coherent structures underwent significant and rapid breakdown into smaller-scale 
structures. 
At relatively low Reynolds numbers of separated-reattached flow over a blunt flat plate, 
Sasaki and Kiya (1991) carried out experimental work to visualise coherent structures. 
They reported that new structures are formed from the amalgamation of two or three 
spanwise rolled-up vortices that were shed from the separated shear layer. Downstream 
of the mean reattachment line, hairpin structures were directly formed without any 
stretching of the spanwise rolls in the streamwise direction. 
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Caption for these figures is on the following page 
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Fig. 7-4. Low pressure isosurface at sequential times (every 250 time steps) for the flat plate with NFST 
 
Low fluctuating pressure isosurfaces for 3D_case1 taken every 250 time steps are shown 
in Fig. 7-5. It can be seen that Kelvin-Helmholtz roll formation occurs at about x/xR = 4.5. 
These structures move and become larger when convecting downstream. The large 
Kelvin-Helmholtz structure develops topologically to become a hairpin structure around 
the mean reattachment line. Further downstream, it is apparent that the hairpin structures 
that are shed to the turbulent reattached flow are disintegrating into smaller structures. 
As mentioned in the x-y plane of pressure contours that are shown in Fig. 7-2, there is no 
merging of the vortices in this geometrical shape. The low pressure isosurface for 
3D_case1 that is shown in Fig. 7-5 confirms that, as can be clearly seen, there are no 
vortex-merging processes as one of the transition events in this geometry, where the 
formation of the hairpin structures is due to a topological evolution of the Kelvin-
Helmholtz rolls.  
It is believed that the difference in the stages of coherent structure development within 
the transitional separated flow is a consequence of the nature of the different geometrical 
shapes, i.e., with the property of two-dimensionality, there is an additional stage that is 
represented by the merging of vortices which is completely absent over the three-
dimensional geometry. So, it can be concluded that due to this additional stage, the spatial 
and temporal evolution of the transition to turbulence is longer for the flat plate than that 
for 3D_case1. For this reason, the separation bubble that formed in the flat plate is longer 
than that formed in 3D_case1 by about 2.6D as shown in Chapter 4. In Chapter 5, it is 
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shown that the lengths of the laminar part of the separation bubble in the flat plate and 
3D_case1 are very much the same. So, the difference in the length of the separation 
bubble between the flat plate and 3D_case1 arises from the transition start location 
onward, where this part of the separation bubble involves the formation and development 
of the coherent structures, of which the vortex pairing process is just one, for the flat plate.  
 
 
 
 
 
 
Caption for these figures is on the following page 
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Fig. 7-5. Low pressure isosurface at sequential times (every 250 time steps) for 3D_case1 with NFST 
 
For 3D_case2, the sequential low fluctuating pressure isosurfaces taken every 250 time 
steps are shown in Fig. 7-6. Fig. 7-6a shows four structures in different situations. The 
second and third structures that are located around x/xR = 1 and 0.7, respectively, seem to 
be within a breakdown state into hairpin structures, while the fourth Kelvin-Helmholtz 
roll maintains its two-dimensional nature. Moreover, the first hairpin structure that is shed 
downstream of the mean reattachment line maintains its shape up to x/xR = 1.2. 
The following snapshot of a low fluctuating pressure isosurface that is shown in Fig. 7-
6b illustrates that the Kelvin-Helmholtz roll, which is close to the separation line, 
becomes larger when convecting downstream, other structures in the similar 
circumstances can be observed in the previous time snapshot. Fig. 7-6c presents the 
shedding of one Kelvin-Helmholtz roll while the previous one continues to enlarge in 
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size. Many hairpin structures are formed by the breakdown of the Kelvin-Helmholtz roll 
in the region between x/xR = 1.2 and 1.4, which can be seen in Figs. 7-6e and 7-6f. The 
hairpin structures that are presented at previous times disintegrate to smaller structures 
around x/xR = 1.5 as shown in Fig. 7-6f. In this figure, there is another disintegration of a 
Kelvin-Helmholtz roll into smaller structures at x/xR = 0.7. 
As shown in Fig. 7-6, there is no vortex pairing process captured in the transition flow of 
3D_case2. In this geometry, coherent structure development involves the shedding of 
Kelvin-Helmholtz rolls from the separated layer at about x/xR = 0.4; the size of these 
structures increases when they are moving downstream; distortion of these rolls takes 
place downstream of x/xR = 0.6 where, around the mean reattachment line, there is a 
breakdown of these rolls into hairpin structures; these then move downstream and 
disintegrate into smaller structures within the turbulent reattached flow.  
It is believed that the formation of a smaller separation bubble in 3D_case2 than that in 
the flat plate is due to the transition to turbulence in the flat plate being longer due to a 
presence of the vortex merging process in the flat plate. It is clearly observed in Chapter 
5 that the difference between the lengths of the laminar part of the separation bubble in 
the flat plate and 3D_case2 is small. Hence, the shorter transition to turbulence in 
3D_case2 indeed leads to a smaller separation bubble compared with that on the flat plate.  
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Caption for these figures is on the following page 
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Fig. 7-6. Low pressure isosurface at sequential times taken every 250 time steps for 3D_case2 with NFST 
 
Similarities and differences between coherent structure development between the 
geometries used in the current study can be summarized as follows: 
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 The vortex merging process is only observed for the flat plate, where there is no 
any sign of this action in other two geometries. 
 Due to there being no structure merging process in either of the three-dimensional 
geometries, the time and distance for the transition to turbulence in the flat plate 
is longer, leading to a longer separating bubble.  
 The formation of hairpin structures occurred through a breakdown of Kelvin-
Helmholtz rolls in the flat plate and 3D_case2, while this same formation takes 
place through a topological development of the Kelvin-Helmholtz roll in 
3D_case1. 
For all geometries in the current study, it can be clearly seen that the hairpin structures 
which shed into the turbulent boundary layer after the reattachment disintegrate into 
smaller structures. This process takes place in 3D_case1 faster than that for other two 
geometries. The structure disintegration distance in 3D_case1 is located between x/xR = 
1 and 1.4, while the hairpin structures still survive up to x/xR = 1.6 for the flat plate and 
1.5 for 3D_case2. This may indicate that the recovery and development of the reattached 
turbulent boundary layer occur faster and over a shorter distance in 3D_case1. This will 
be discussed in Chapter 8. 
7.2.2 Vorticity fields isosurface  
7.2.2.1 Vorticity magnitude isosurface 
Vorticity magnitude is one of many flow variables which is conventionally used to 
visualize the flow field. Vorticity magnitude isosurfaces for the flat plate taken at 
sequential times (every 250 time steps) are shown in Fig. 7-7. It can be seen that there is 
a plane sheet of the vorticity in the laminar region of the flow between the leading edge 
and the onset of the flow unsteadiness at about x/xR = 0.2. Further downstream, this sheet 
is subjected to a small distortion up to x/xR = 4.5, where significant three-dimensional 
motions of the flow appear. Three-dimensional hairpin structures are formed associated 
with the three-dimensional nature of the flow around the mean reattachment region. These 
structures shed to the turbulent boundary layer and move a certain distance before their 
breakdown into smaller turbulent structures as shown in Fig. 7-7.  
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Caption for these figures is on the following page  
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Fig. 7-7. Vorticity magnitude isosurface at sequential times (every 250 time steps) for the flat plate with 
NFST 
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In 3D_case1, the vorticity magnitude isosurfaces taken at sequential times (every 250 
time steps) present a similar behaviour to that for the flat plate as shown in Fig. 7-8. There 
is a presence in the vorticity sheet which extends into the laminar region of the separation 
bubble from the leading edge of the geometry to x/xR = 0.4, where the start of the 
unsteadiness is located. Further downstream, there is a sign of a small distortion in the 
vorticity sheet up to x/xR = 0.6, where the symmetry of this sheet is broken. Further 
downstream, there is a significant three-dimensional flow that leads to the formation of 
hairpin structures around the mean reattachment line. It can be clearly seen that the 
breakdown process of the hairpin structures within the turbulent boundary layer is 
complete at about x/xR = 1.4 as shown in Fig. 7-8. 
Vorticity magnitude isosurfaces at the top and side surfaces of 3D_case1 taken at the 
same times as Fig. 7-8 are shown in Fig. 7-9. It can be seen that there is no difference in 
the vorticity development on either surface. There are two plane sheets of the vorticity on 
each surface that develop to form hairpin structures around the mean reattachment line. 
These hairpin structures then break down into smaller structures within the turbulent 
boundary layer after the reattachment.  
 
Caption for this figure is on the following page 
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Fig. 7-8. Vorticity magnitude isosurface at sequential times (every 250 time steps) for 3D_case1 with 
NFST 
 
Caption for this figure is on the following page 
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Fig. 7-9. Vorticity magnitude isosurface on the top and side surfaces at sequential times (every 250 time 
steps) for 3D_case1 with NFST 
 
Vorticity magnitude isosurfaces taken at sequential times (every 250 time steps) for 
3D_case2 are exhibited in Fig. 7-10. There is no difference in the associated variables 
behaviours among all geometries of the current study apart from the unsteadiness 
location. In 3D_case2, the vorticity magnitude sheet that formed on the leading edge 
remains smooth up to x/xR = 0.31 as shown in Fig. 7-10, indicating that the flow is laminar 
and two-dimensional within this region. Further downstream, the vorticity sheet 
undergoes a small distortion up to x/xR = 0.55. At about x/xR = 0.6, there is a breakdown 
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of the vorticity sheet regularity associated with significant three-dimensional motions of 
the flow, leading to the formation of hairpin structures around the mean reattachment line. 
Further downstream, hairpin structures still appeared over a short distance before their 
disintegration into smaller turbulent structures.  
Vorticity magnitude development on the top and side surfaces for 3D_case2 are shown 
in Fig. 7-11, where snapshots are taken at similar times to those in Fig. 7-10. It is clearly 
seen that there are two plane sheets of the vorticity on each surface subject to the 
unsteadiness at the same streamwise location. The regularity of these sheets then has been 
distorted, leading to turbulent reattached flow as shown in Fig. 7-11. 
In spite of the comparable behaviour of the flow presented by employing the low pressure 
and the vorticity magnitude isosurfaces, the latter technique presents clearly only small 
hairpin structures in the flow, while the transition events such as construction of Kelvin-
Helmholtz rolls and their pairing process in the flat plate or Kelvin-Helmholtz rolls 
evolution in all geometries cannot be represented by the vorticity magnitude isosurfaces. 
Hence, this technique cannot display all types of existing coherent structures. 
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Caption for these figures is on the following page 
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Fig. 7-10. Vorticity magnitude isosurface at sequential times (every 250 time steps) for 3D_case2 with 
NFST 
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Caption for these figures is on the following page 
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Fig. 7-11. Vorticity magnitude isosurface on the top and side surfaces at sequential times (every 250 time 
steps) for 3D_case2 with NFST 
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7.2.2.2 Streamwise vorticity isosurface 
The streamwise vorticity isosurface for the flat plate is shown in Fig. 7-12, where six 
streamwise vorticity isosurfaces, taken every 250 time steps, are presented. There is no 
trace of the streamwise vorticity before x/xR = 0.2, indicating that the flow is laminar up 
to this point. Further downstream, the streamwise vorticity develops and the appearance 
of vortical structures can be seen in the region from x/xR = 0.45 to x/xR = 1. After the 
reattachment, disintegration of the streamwise vortical structures in the turbulent 
boundary layer can be seen, where these structures move a distance of up to x/xR = 1.7 
before breaking down into very small structures as shown in Fig. 7-12.  It is clear noted 
that the streamwise vortical structures form angles with the solid wall (lifted up) and these 
angles may be the reason for the existence of these structures after the reattachment line. 
From x/xR = 1 to x/xR = 1.7, these structures gradually become parallel to the plate wall 
and the angles between the streamwise structures and the solid wall disappear after the 
breakdown of these structures into smaller structures further downstream. A similar 
observation was reported by Abdalla and Yang (2004b) for a transitional separation flow 
on a blunt flat plate. 
Fig. 7-13 shows streamwise vorticity isosurfaces taken at sequential times (every 250 
time steps) for 3D_case1. The streamwise vorticity starts appearing at x/xR = 0.4 and 
develops further downstream. In the region between x/xR = 0.6 and the mean reattachment 
location the existence of streamwise vortical structures, which are inclined at acute angles 
to the solid surface of the geometry, can be clearly seen. With faster disintegration than 
that observed for the flat plate, the streamwise vortical structures for 3D_case1 break 
down into smaller structures in the turbulent boundary layer. At x/xR = 1.5 onward, the 
inclined streamwise vorticity structures completely disappear. 
The streamwise vorticity isosurfaces (taken every 250 time steps) for 3D_case2 plotted 
in Fig. 7-14 show a similar scenario to the above. It is clearly seen that there is no 
appearance of streamwise vorticity up to x/xR = 0.31, indicating that the flow is laminar 
before this location. A significant amount of streamwise vorticity can be seen to appear 
in the region from x/xR = 0.6 to x/xR = 1. Streamwise vorticity structures make angles with 
the wall. These structures pass the mean reattachment line and survive up to x/xR = 1.5. 
Further downstream, these structures vanish as shown in Fig. 7-14. 
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Caption for these figures is on the following page 
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Fig. 7-12. Streamwise vorticity isosurface at sequential times (every 250 time steps) for the flat plate with 
NFST 
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Caption for these figures is on the following page 
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Fig. 7-13. Streamwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case1 with 
NFST 
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Caption for these figures is on the following page 
 
Chapter Seven                                                                                                 Development of Coherent Structures  
 
296 
 
 
 
 
 
Fig. 7-14. Streamwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case2 with 
NFST 
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For all geometries in the current study, the streamwise vorticity isosurfaces clearly show 
that the main concentration of the streamwise vorticity occurs in the second half of the 
separation bubble. This indicates that in this region most events relating to the transition 
to full turbulence take place. 
Tafti and Vanka (1991) presented a relationship between the appearance of the 
streamwise vorticity and correlation coefficient between the root mean square fluctuating 
streamwise and wall-normal velocities  (− 𝑢′𝑣′/𝑢𝑟𝑚𝑠
′ 𝑣𝑟𝑚𝑠
′ ) for a turbulent separated-
reattached flow. They showed that the correlation coefficient profile is non-uniform at a 
location where streamwise vorticity is significant. Further downstream at the mean 
reattachment line and further within the reattached flow, the wall-normal distribution of 
the correlation coefficient trends to be more uniform due to spread of the streamwise 
vorticity throughout the shear layer.  
Figs. 7-15, 7-16, and 7-17 present profiles for the correlation coefficient between the root 
mean square fluctuating streamwise and wall-normal velocities at different streamwise 
locations for the flat plate, 3D_case1, and 3D_case2, respectively. For all geometries, 
three streamwise locations are chosen at the significant appearance of the streamwise 
vorticity, the reattachment point, and a further location in the turbulent boundary layer.  
The correlation coefficient profile at x/xR = 0.6 for the flat plate shown in Fig. 7-15 is non-
uniform, indicating the existence of large streamwise vortical structures. The correlation 
is very small close to the wall and increases to a value of about 0.3 at the shear layer 
centre (y/xR = 0.109). The maximum value of the correlation is 0.346 at y/xR = 0.137, 
coinciding with significant streamwise vorticity. At the mean reattachment (x/xR = 1), 
distribution of the correlation coefficient through the shear layer is roughly uniform, with 
a nearly constant value of 0.34. Further downstream, distribution of the correlation 
coefficient remains roughly uniform as shown at x/xR = 2 in Fig. 7-15. 
For 3D_case1, the correlation coefficient at the shear layer centre (y/xR = 0.136) and at 
the location of the significant streamwise vorticity (x/xR = 0.6) is about 0.32 as shown in 
Fig. 7-16. At this streamwise location, the maximum value of the correlation coefficient 
is 0.377 at y/xR = 0.153, indicative of the appearance of significant streamwise vorticity. 
The wall-normal distribution of the correlation coefficient at the mean reattachment line 
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trends to be uniform in the shear layer. Further downstream at x/xR = 2, a uniform 
distribution of the correlation coefficient with a value of around 0.35 can be seen in Fig. 
7-16. 
At x/xR = 0.6 for 3D_case2, the correlation coefficient profile seems to be more regular 
than that for the other two geometries as seen in Fig. 7-17. The maximum value of the 
correlation coefficient is 0.37 at y/xR = 0.163. At the mean reattachment point and further 
downstream, the uniformity of the correlation coefficient profile matches that of other 
two geometries much more closely. This may indicate that the recovery of the turbulent 
reattached boundary layer is faster for 3D_case2 than that for other two geometries 
because of the good uniformity of the correlation coefficient profile indicating a better 
spread of the streamwise vorticity throughout the shear layer (Tafti and Vanka, 1991). 
This subject is addressed further in Chapter 8. 
 
                     
 
Fig. 7-15. Wall-normal distribution of the correlation coefficient between u’rms and v’rms at three 
streamwise positions for the flat plate with NFST 
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Fig. 7-16. Wall-normal distribution of the correlation coefficient between u’rms and v’rms at three 
streamwise positions for 3D_case1 with NFST 
                     
 
Fig. 7-17. Wall-normal distribution of the correlation coefficient between u’rms and v’rms at three 
streamwise positions for 3D_case2 with NFST 
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As shown above, the current LES results for all geometries predict an accurate 
distribution of the correlation coefficients indicating good agreement with the description 
of Tafti and Vanka (1991) as regards this topic. 
7.2.2.3 Wall-normal vorticity isosurface 
Inspection of wall-normal vorticity isosurface presents similar inclined structures that are 
identified by a streamwise vorticity isosurface as shown in Fig. 7-18 for the flat plate, 
Fig. 7-19 for 3D_case1 and Fig. 7-20 for 3D_case2, where each presents six wall-normal 
vorticity isosurfaces taken every 250 time steps.  
For the flat plate, significant vortical wall-normal structures appear at x/xR = 0.45 and 
become larger when moving toward the mean reattachment line. Finally, these structures 
break down into smaller turbulent structures further downstream in the turbulent 
boundary layer as shown in Fig. 7-18 
For 3D_case1, it is clear seen that the large wall-normal vortical structures that appear at 
x/xR = 0.6 travel downstream and disintegrate into smaller structures at x/xR = 1.2 as shown 
in Fig. 7-19. It is also clearly seen that the distance at which the vortical structures in 
3D_case1 disintegrate is shorter than that for the flat plate. Similar behaviour is observed 
for the streamwise vorticity isosurfaces for both geometries. This may indicate that the 
recovery of the turbulent boundary layer happens much faster in 3D_case1. 
The wall-normal vorticity isosurface for 3D_case2 shown in Fig. 7-20 exhibits similar 
behaviour for the vortical wall-normal structures shown for other two geometries apart 
from location of the first appearance of these structures. It can be seen that the first 
appearance of the wall-normal vorticity for 3D_case2 is at about x/xR = 0.31. These 
vorticities grow when they are moving downstream. Their growth is associated with the 
significant three-dimensional motions of the flow. Downstream of the reattachment, the 
large structures disintegrate into smaller structures but whose sizes are larger than that for 
3D_case1.  
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Fig. 7-18. Wall-normal vorticity isosurface at sequential times (every 250 time steps) for the flat plate 
with NFST 
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Caption for these figures is on the following page 
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Fig. 7-19. Wall-normal vorticity isosurface at sequential times (every 250 time steps) for 3D_case1 with 
NFST 
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Fig. 7-20. Wall-normal vorticity isosurface at sequential times (every 250 time steps) for 3D_case2 with 
NFST 
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7.2.2.4 Spanwise vorticity isosurface 
In this section, the spanwise vorticity isosurfaces show the similar conduct to that 
observed for the streamwise and wall-normal vorticity isosurfaces regarding the locations 
at which structures appear and subsequently disintegrate.  
Sequential spanwise vorticity isosurfaces for the flat plate taken every 250 time steps are 
shown in Fig. 7-21. It can be clearly seen that the formation of a plane sheet of vorticity 
starts from the leading edge up to the beginning of unsteadiness position, where the 
vorticity sheet is uniform up to x/xR = 0.2. Further downstream, up to x/xR = 0.45, this 
sheet shows wrinkling as a result of an increase in disturbance. Further downstream, 
significant spanwise vorticity structures appear that are associated with violent three-
dimensional motions of the flow. Downstream of the mean reattachment line and up to 
x/xR = 1.5, the breakdown of large structures into smaller structures is completed. 
For 3D_case1, Fig. 7-22 shows the spanwise vorticity isosurface at six sequential times 
(every 250 time steps). It can be seen that a plane vorticity sheet extends from the leading 
edge of the geometry to x/xR = 0.4. Further downstream and up to x/xR = 0.6, the vorticity 
sheet develops smoothly with very little distortion. From x/xR = 0.6 to x/xR = 1.2, the 
presence of spanwise vorticity structures can be observed. Beyond x/xR = 1.2, these 
structures vanish due to their breakdown into smaller structures within the turbulent 
boundary layer.  
The plane spanwise vorticity sheet appears to be smooth and uniform in the region 
between the geometry leading edge and the location at which unsteadiness starts (x/xR = 
0 to 0.31) for 3D_case2 as shown in Fig. 7.23, which shows six spanwise vorticity 
isosurfaces taken every 250 time steps. The symmetry of the vorticity sheet breaks down 
at about x/xR = 0.6, indicating the start of violent three-dimensional motions of the flow. 
Further downstream, large vorticity structures that appear around the mean reattachment 
line can be barely observed beyond x/xR = 1.5 indicating their disintegration into smaller 
turbulent structures. 
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Fig. 7-21. Spanwise vorticity isosurface at sequential times (every 250 time steps) for the flat plate with 
NFST 
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Fig. 7-22. Spanwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case1 with 
NFST 
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Caption for these figures is on the following page 
 
Chapter Seven                                                                                                 Development of Coherent Structures  
 
313 
 
 
 
 
 
Fig. 7-23. Spanwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case2 with 
NFST 
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It is worth pointing out that the flow visualizations performed by employing vorticity 
field isosurfaces studied here show significant appearance of vortical streamwise, wall-
normal and spanwise structures in the second half of the separation bubble. In addition, 
disintegration of these structures in the turbulent boundary layer can be also observed. 
Two-dimensional Kelvin-Helmholtz rolls and their development to three-dimensional 
hairpin structures are not illustrated in these isosurfaces, while all or some of these 
structures are clearly shown by the low pressure isosurface and vorticity magnitude 
isosurface, as previously demonstrated. However, the main purpose for using the vorticity 
field isosurface is to illustrate the disintegration of large structures within the turbulent 
flow and the distance to the turbulent boundary layer recovery associated with the 
breakdown of large coherent structures into small turbulent structures.  
In general, the evolution of the coherent structures from being two-dimensional to three-
dimensional in nature is not well represented by the vorticity magnitude and vorticity 
components isosurfaces. This is considered to be a shortcoming in these flow 
visualization schemes, which are thus not considered suitable to describe the evolution of 
the coherent structures. 
7.2.3 Q-criterion isosurface  
The flow visualization technique that shares some of the properties with the vorticity and 
pressure criterion is called the Q-criterion, or second invariant of velocity gradient tenser 
(∆u) (Hunt et al., 1988). The Q-criterion is defined as: 
                                                 𝑄 =
1
2
(Ω𝑖𝑗Ω𝑖𝑗 − 𝑆𝑖𝑗𝑆𝑖𝑗)                                               (7-1) 
where (Ω𝑖𝑗Ω𝑖𝑗) is the rotation (vorticity) rate and (𝑆𝑖𝑗𝑆𝑖𝑗) is the strain rate, where the Q-
criterion represents the balance between them. 
The antisymmetric component (Ω𝑖𝑗) of ∆u is: 
                                                           Ω𝑖𝑗 =
𝑢𝑖,𝑗−𝑢𝑗,𝑖
2
                                                      (7-2) 
and the symmetric component (𝑆𝑖𝑗) of ∆u is: 
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                                                           𝑆𝑖𝑗 =
𝑢𝑖,𝑗+𝑢𝑗,𝑖
2
                                                       (7-3) 
Applying the Q-criterion technique in the instance of the flat plate is illustrated in Fig. 7-
24, which shows six Q-criterion isosurfaces taken every 250 time steps. Two-dimensional 
Kelvin-Helmholtz rolls are apparent in the first half of the separation bubble, while the 
second half is characterized by the three-dimensional hairpin structures.  
Despite the merging of two Kelvin-Helmholtz rolls only being captured with some 
difficulty when employing Q-criterion isosurfaces, this stage of coherent structure 
development is shown in Figs. 7-24a and 7-24e. The clarity of this process is lower than 
that presented via the low pressure isosurface. However, the new large two-dimensional 
structure that formed as a consequence of the merging process is clearly located close to 
x/xR = 0.5 as shown in Fig. 7-24.  
The hairpin structures formation is a result of a rapid breakdown of the Kelvin-Helmholtz 
structures as shown in Fig. 7-24. The direct breakdown of the Kelvin-Helmholtz rolls into 
numerous three-dimensional hairpin vortices at a location around x/xR = 0.6 can be clearly 
seen in Figs. 7-24a and 7-24e, and also at further than x/xR = 0.6, as shown in Fig. 7-24c, 
where a structure with an axis perpendicular to the flow direction is observed up to x/xR 
= 0.65.    
Hairpin structures move downstream and pass the mean reattachment line to shed to the 
turbulent boundary layer. Further downstream at x/xR = 1.5, hairpin structures lose their 
shape and break down into smaller turbulent structures as shown in Figs. 7-24b and 7-
24d. In addition, some of the hairpin structures break down into smaller structures within 
the separation bubble, indicating that the flow transforms to being turbulent in nature 
before the mean reattachment line. 
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Caption for these figures is on the following page 
 
Chapter Seven                                                                                                 Development of Coherent Structures  
 
317 
 
 
 
 
Fig. 7-24. Q-criterion isosurface at sequential times (every 250 time steps) for the flat plate with NFST 
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Q-criterion isosurfaces for 3D_case1 are presented every 250 time steps as shown in Fig. 
7-25. Formation of the Kelvin-Helmholtz rolls and their shedding from the separated 
shear layer at around x/xR = 0.45 is clearly seen. These rolls move downstream and 
improve topologically to become hairpin structures in the region between x/xR = 0.7 and 
around the mean reattachment line. It can be seen that there is no merging or pairing of 
two Kelvin-Helmholtz rolls in 3D_case1. Once the Kelvin-Helmholtz roll has shed to the 
separated layer, it develops to form one hairpin structure while convicting downstream. 
Hairpin structures shed to the reattached turbulent boundary layer and travel a certain 
distance before their disintegration into smaller turbulent structures.  
Some of the hairpin structures lose their coherency and break down before the mean 
reattachment line as shown for structure A in Figs. 7-25b and 7.25c. In Fig. 7-25b, 
structure A is a hairpin structure at about x/xR = 0.8. This structure disintegrates into 
smaller turbulent structures at slightly downstream of x/xR = 0.8 as shown in Fig. 7-25c, 
indicating that the flow becomes turbulent before the mean reattachment line. 
Development of coherent structures of the transitional separated-reattached flow in the 
top and side surfaces of 3D_case1 can be seen in Fig. 7-26, which shows a number of Q-
criterion isosurfaces taken every 250 time steps. The presence of a twisting structure 
around this geometrical shape can be seen just downstream of the laminar separated layer 
as shown in Fig. 7-26b. The rectangular ring structure breaks down into separated Kelvin-
Helmholtz rolls on each surface as shown in Fig. 7-26d. These rolls develop topologically 
to form hairpin structures in the second half of the separation bubble. Further downstream, 
three-dimensional hairpin structures that shed to the turbulent reattached flow disintegrate 
into smaller structures. The above coherent structure development indicates that there is 
a similar development of coherent structures on each surface of 3D_case1.  
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Fig. 7-25. Q-criterion isosurface at sequential times (every 250 time steps) for 3D_case1 with NFST 
 
Caption for this figure is on the following page 
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Fig. 7-26. Q-criterion isosurface on the top and side surfaces at sequential times (every 250 time steps) for 
3D_case1 with NFST 
 
Kelvin-Helmholtz rolls that shed downstream of x/xR = 0.3 in 3D_case2 are clearly shown 
in Fig. 7-27, which shows sequential Q-criterion isosurfaces taken every 250 time steps. 
These rolls move downstream to the second half of the separation bubble and break down 
into streamwise hairpin structures around x/xR = 0.8 as shown in Fig. 7-27e, where the 
breakdown of Kelvin-Helmholtz rolls is shown. Around the mean reattachment line and 
further downstream, hairpin structures break down into smaller turbulent structures. It is 
clearly shown in Fig. 7-27 that some of streamwise structures still maintain their 
coherency up to x/xR = 1.5, indicating that recovery of the turbulent boundary layer may 
take a long distance to be achieved.  
It is interesting to observe that in the Q-criterion snapshots presented in Fig. 7-27 for 
3D_case2, there are no vortex merging processes that can be captured, unlike  for the flat 
plate. In addition, topological improvement from the Kelvin-Helmholtz structure to 
hairpin structure, which clearly occurs for 3D_case1, is absent in 3D_case2, where hairpin 
vortices are formed by direct breakdown of Kelvin-Helmholtz rolls. Therefore, coherent 
structure development in transitional separated-reattached flow in 3D_case2 shares with 
some aspects of coherent structure development in the flat plat and 3D_case1. The 
similarity between the flat plate and 3D_case2 is the direct breakdown of Kelvin-
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Helmholtz rolls into hairpin structures, while there are no structures merging through the 
transition for either 3D_case1 or 3D_case2. 
Q-criterion isosurfaces, taken every 250 time steps, on the top and side surfaces of 
3D_case2 are shown in Fig. 7-28. The twisting nature of the coherent structures in the 
early stages of the transition are clearly shown in Fig. 7-28a and 7-28b. Then, there are 
four Kelvin-Helmholtz rolls that move on each surface of 3D_case2. The Kelvin-
Helmholtz structure on the top surface of 3D_case2 breaks down into hairpin structures 
as shown in Fig. 7-28. The Kelvin-Helmholtz rolls on the side surface of 3D_case2 seem 
to be within a topological development in transforming to hairpin structures, where there 
is no sign of breakdown of the Kelvin-Helmholtz structure into hairpin structures as 
shown in Fig. 7-28. However, on both the top and side surfaces of 3D_case2, there are 
evident hairpin structures that move up to x/xR = 1.5. At this location onwards, these 
streamwise structures distort through its breakdown into smaller structures leading to the 
disintegration of its coherent hairpin shape as shown in Figs. 7-28e, f, and g.  
It can be concluded from the above observation that the development of coherent 
structures on the top surface of 3D_case2 is different from that on the side surface of this 
geometry. This is considered to be another difference related to effect of the aspect ratio 
of the three-dimensional geometry on coherent structure development in transitional 
separated-reattached flow. Using the Q-criterion isosurface to identify coherent structures 
development on a three-dimensional geometry shows that this development is similar on 
both the top and side surfaces of 3D_case1, while the development of coherent structures 
on the top surface of 3D_case2 is different from that on the side surface of this geometry. 
In general, it can be concluded in the current study that the low pressure isosurface 
illustrates large two-dimensional structures better than small three-dimensional 
structures. The pairing and merging of two Kelvin-Helmholtz rolls for the flat plate are 
clearly shown by using this technique. The Q-criterion isosurface is an ideal tool for 
illustrating the formation of the small hairpin structures and how the Kelvin-Helmholtz 
roll develops to the hairpin structure. Such a finding is consistent with conclusion of the 
studies by Dubief and Delcayre (2000) and Abdalla and Yang (2004b). 
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Fig. 7-27. Q-criterion isosurface at sequential times (every 250 time steps) for 3D_case2 with NFST 
 
 
Caption for this figure is on the following page 
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Fig. 7-28. Q-criterion isosurface on the top and side surfaces at sequential times (every 250 time steps) for 
3D_case2 with NFST 
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7.3 Three-dimensional flow visualization for FST 
In order to investigate the differences that may occur in coherent structures and their 
development due to the presence of a 3.7% intensity of free stream turbulence, the low 
pressure, vorticity field and Q-criterion isosurfaces are also considered here for all 
geometries in the current study. 
7.3.1 Low pressure isosurface  
A low fluctuating pressure isosurface taken at sequential times every 250 time steps for 
the flat plate is shown in Fig. 7-29. It can be seen that the coherent structures are distorted 
due to a presence of a high intensity of free stream turbulence. There is a spanwise motion 
in the Kelvin-Helmholtz rolls and hairpin structures that are not as clear as with NFST. 
However, Kelvin-Helmholtz rolls are still apparent, confirming that the Kelvin-
Helmholtz instability is still the primary instability mechanism in the free shear layer, as 
presented in Chapter 5.  
In addition to the distorted Kelvin-Helmholtz rolls, there is a set of hairpin structures in 
the region between x/xR = 0.8 and x/xR = 1, indicating the breakdown of the previous 
Kelvin-Helmholtz roll as shown in Fig 7-29a. However, it is not clear if there is a pairing 
of two Kelvin-Helmholtz rolls, such as with NFST, or whether the Kelvin-Helmholtz roll 
directly breaks down into hairpin structures.  
It should be noted that the lack of clarity in the manner of development of coherent 
structures by employing the low pressure isosurface with FST is also reported in Yang 
and Abdalla (2005). They studied transitional separated-reattached flow with a 2% 
intensity of free stream turbulence on a blunt flat plate. They considered this to be a 
disadvantage of using this flow visualization technique to identify the coherent structures 
within the flow. 
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Fig. 7-29. Low pressure isosurface at sequential times (every 250 time steps) for the flat plate with FST 
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Deformed Kelvin-Helmholtz rolls, unclear hairpin structures and a degree of ambiguity 
as to the mechanism of their formation are also apparent in the low fluctuating pressure 
isosurfaces for other geometries as shown in Fig. 7-30 for 3D_case1 and Fig. 7-31 for 
3D_case2. 
However, for all geometries studied here, the low fluctuating pressure isosurfaces confirm 
the occurrence of the Kelvin-Helmholtz instability as the primary instability mechanism 
in the free shear layer through exhibiting Kelvin-Helmholtz rolls. Moreover, the low 
fluctuating pressure isosurfaces indicate the existence of hairpin structures as secondary 
coherent structures associated with the transition, and further their breakdown into 
smaller structures around the mean reattachment line and further downstream. 
In the comparison between NFST and FST, the following can be concluded: 
 In both cases, Kelvin-Helmholtz rolls exist, regardless of their clarity, after 
shedding from the separated layer. 
 Secondary coherent structures in both cases are hairpin structures. 
 Development of Kelvin-Helmholtz structures to form hairpin structures is clearly 
shown in NFST, while the existence of this process is ambiguous in FST. 
 In both cases, hairpin structures are present around the mean reattachment line 
and move downstream within the reattached turbulent boundary layer.  
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Fig. 7-30. Low pressure isosurface at sequential times (every 250 time steps) for 3D_case1 with FST 
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Fig. 7-31. Low pressure isosurface at sequential times taken every 250 time steps for 3D_case2 with FST 
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7.3.2 Vorticity fields isosurface  
7.3.2.1 Vorticity magnitude isosurface 
The vorticity magnitude isosurfaces taken every 250 time steps for the flat plate are shown 
in Fig. 7-32. It can be seen that with FST, the laminar part of the vorticity sheet is smaller 
than that in NFST. The location of the start of the unsteadiness moves upstream to x/xR = 
0.1. The unsteadiness has a relatively low amplitude up to x/xR = 0.3. Further downstream, 
the formation of hairpin structures is clear; one such a structure, referred to as A, is shown 
in Fig. 7-32c. 
Consideration of structure A shows that it is formed at about x/xR = 0.5. It moves 
downstream up to x/xR = 1, where it starts to break down into smaller structures. Further 
downstream, the coherency of structure A completely breaks down as shown in Fig. 7-32j. 
The vorticity magnitude isosurfaces show that within the turbulent reattached boundary 
layer, large-scale structures still survive and they move a certain distance before they  
totally break down, indicating a delay in the recovery of the turbulent boundary layer. 
This will be shown in Chapter 8. 
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Fig. 7-32. Vorticity magnitude isosurface at sequential times (every 250 time steps) for the flat plate with 
FST 
 
Similar behaviour to that of the vorticity magnitude isosurface presented for the flat plate 
is shown for 3D_case1 in Fig 7-33. There is also a reduction in the laminar part of the 
vorticity sheet and a more rapid occurrence of the transition. The linear development of 
the unsteadiness is in the region between x/xR = 0.3 and x/xR = 0.5. Further downstream, 
the formation of the hairpin structures that is associated with significant three-
dimensional motions of the flow can be clearly shown in Fig. 7-33d, which represents the 
hairpin structure referred to as A. Structure A moves downstream and breaks down around 
the mean reattachment line as shown in Fig. 7-33g.  
Large-scale structures are also present in the reattached turbulent boundary layer which 
completely disappear at a location further away from the mean reattachment line, 
implying a slowness in the reestablishment of the turbulent boundary layer. This will be 
further discussed in Chapter 8. 
To show the development of the vorticity magnitude on both the top and side surfaces of 
3D_case1, the isosurfaces for the vorticity magnitude on the top and side surfaces of 
3D_case1 are presented in Fig. 7-34. It can be seen that there is no difference in the top 
and side vorticity sheets as regards the locations of the beginning of the unsteadiness, the 
appearance of the hairpin structures, and the breakdown of large-scale structures.   
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Fig. 7-33. Vorticity magnitude isosurface at sequential times (every 250 time steps) for 3D_case1 with 
FST 
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Fig. 7-34. Vorticity magnitude isosurface on the top and side surfaces at sequential times (every 250 time 
steps) for 3D_case1 with FST 
 
The vorticity magnitude isosurfaces for 3D_case2 taken every 250 time steps show that 
the location of the appearance of the unsteadiness in the vorticity sheet is at about x/xR = 
0.2 as shown in Fig. 7-35. In addition, it is clearly seen that the unsteadiness is still low 
up to x/xR = 0.4. Further downstream, hairpin structures are formed, and developed at the 
region that extends from x/xR = 0.6 to a location that is further from the mean reattachment 
line as shown in the development of structures A and B in Figs. 7-35b and 7-35c. These 
structures shed to the reattached turbulent boundary layer and remain large-scale up to 
x/xR = 1.5, leading to a delay in the turbulent boundary layer recovery after the 
reattachment, as it will be discussed in Chapter 8. 
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At similar times to the snapshots shown in Fig. 7-35, the vorticity magnitude isosurfaces 
for the top and side surfaces of 3D_case2 are taken as shown in Fig. 7-36. The vorticity 
magnitude development stages occur at the same streamwise locations on the top and side 
surfaces of 3D_case2 as shown in Fig. 7-36. However, the time period for the vorticity 
magnitude development shown in Fig. 7-36 does not clearly indicate the hairpin structures 
on the side surface of 3D_case2. Hence, another vorticity magnitude isosurface is 
exhibited with different time period to indicate the side surface hairpin structures as 
shown in Fig. 7-37. The hairpin structure referred to as A is indicated in Fig. 7-37a. It can 
be seen that structure A moves downstream and completely breaks down in the region 
between x/xR = 1 and x/xR = 1.5, which is similar to that presented for the top surface 
hairpin structures in Fig. 7-36.   
 
 
 
Caption for these figures is on the following page 
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Fig. 7-35. Vorticity magnitude isosurface at sequential times (every 250 time steps) for 3D_case2 with 
FST 
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Fig. 7-36. Vorticity magnitude isosurface on the top and side surfaces at sequential times (every 250 time 
steps) for 3D_case2 with FST (period I) 
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Fig. 7-37. Vorticity magnitude isosurface on the top and side surfaces at sequential times (every 250 time 
steps) for 3D_case2 with FST (period II) 
 
7.3.2.2 Streamwise vorticity isosurface 
For all geometries used in the current study, the difference identified in the streamwise 
vorticity behaviour due to the presence of a high intensity of free stream turbulence is 
merely related to the location at which this vorticity appears. This position becomes closer 
to the separation line compared to that presented for NFST. This is shown in Fig. 7-38 
for the flat plate, Fig. 7-39 for 3D_case1, and Fig. 7-40 for 3D_case2. These figures show 
six streamwise vorticity isosurfaces taken every 250 time steps for each geometry.  
For all geometries, a significant number of vortical structures can be seen to appear in the 
region between x/xR = 0.5 and x/xR = 1, indicating that in this region most events 
associated with the transition to full turbulence take place. Further downstream, 
streamwise vorticity structures that shed to the reattached turbulent boundary layer move 
a certain distance before disintegrating into small structures affecting the turbulent 
boundary layer development. Furthermore, it is clearly seen that the streamwise vorticity 
structures form an angle with the solid wall (lifted up), and it might be this angle that 
allows for the existence of these structures after the reattachment region.  
The correlation coefficient between the root mean square fluctuating streamwise and 
wall-normal velocities  (− 𝑢′𝑣′/𝑢𝑟𝑚𝑠
′ 𝑣𝑟𝑚𝑠
′ ) is plotted at x/xR = 0.6, x/xR = 1, and x/xR = 2, 
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as shown in  Fig. 7-41 for the flat plate, Fig. 7-42 for 3D_case1, and Fig. 7-43 for 
3D_case2. 
For all geometries, the profile of the correlation coefficient shows that at x/xR = 0.6, there 
is a non-uniform distribution of the correlation coefficient in the wall-normal direction, 
indicating the existence of large streamwise vorticity structures. The correlation 
coefficient is very small when it is close to the wall, and increases to a maximum at the 
shear layer centre. At the mean reattachment (x/xR = 1), the correlation coefficient 
distribution through the shear layer is roughly uniform. Further downstream, the 
distribution of the correlation coefficient remains essentially uniform for all geometries, 
as shown at the location of x/xR = 2.  
The above behaviour of the correlation coefficient profile for FST is similar to that found 
for NFST presented in Section 7.3.2.2. This indicates that there is no difference in the 
streamwise vorticity development for either of the flow cases.   
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Fig. 7-38. Streamwise vorticity isosurface at sequential times (every 250 time steps) for the flat plate with 
FST 
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Fig. 7-39. Streamwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case1 with 
FST 
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Fig. 7-40. Streamwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case2 with 
FST 
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Fig. 7-41. Wall-normal distribution of the correlation coefficient between u’rms and v’rms at three 
streamwise positions for the flat plate with FST 
                     
 
Fig. 7-42. Wall-normal distribution of the correlation coefficient between u’rms and v’rms at three 
streamwise positions for 3D_case1 with FST 
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Fig. 7-43. Wall-normal distribution of the correlation coefficient between u’rms and v’rms at three 
streamwise positions for 3D_case2 with FST 
 
7.3.2.3 Wall-normal vorticity isosurface 
The wall-normal vorticity isosurfaces (taken every 250 time steps) are presented in Fig. 
7-44 for the flat plate, Fig. 7-45 for 3D_case1 and Fig. 7-46 for 3D_case2, which show 
the similar inclined structures corresponding to that observed in the streamwise vorticity 
isosurfaces. 
For all geometries, it is clearly seen that there are a considerable number of wall-normal 
vorticity structures in the region that extends from x/xR = 0.5 to x/xR = 1. Further 
downstream, the dominant process is the process of the breakdown, in which the large-
scale structures break down into smaller turbulent structures in the reattached turbulent 
boundary layer.  
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Fig. 7-44. Wall-normal vorticity isosurface at sequential times (every 250 time steps) for the flat plate 
with FST 
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Fig. 7-45. Wall-normal vorticity isosurface at sequential times (every 250 time steps) for 3D_case1 with 
FST 
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Fig. 7-46. Wall-normal vorticity isosurface at sequential times (every 250 time steps) for 3D_case2 with 
FST 
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7.3.2.4 Spanwise vorticity isosurface 
The spanwise vorticity isosurfaces in the present study show similar behaviour to that 
presented by the streamwise and wall-normal vorticities isosurfaces with regards to the 
locations of the appearance of vortical structures and their breakdown.  
The sequential spanwise vorticity isosurfaces for the flat plate taken every 250 time steps 
are shown in Fig. 7-47. It is clearly seen that the location of the beginning of the 
unsteadiness in a plane sheet of the vorticity is at x/xR = 0.1. Further downstream and up 
to x/xR = 0.3, this sheet shows the growth of low-amplitude disturbance. Further 
downstream, violent three-dimensional motions of the flow associated with the 
appearance of spanwise vorticity structures can be seen. Downstream of the mean 
reattachment line, the large-structures that shed to the reattached turbulent boundary layer 
move a certain distance before they are totally breakdown into smaller turbulent 
structures. 
Six spanwise vorticity isosurfaces taken every 250 time steps for 3D_case1 are shown in 
Fig. 7-48. They illustrate a plane vorticity sheet that extends from the leading edge of the 
geometry up to x/xR = 0.3. Further downstream, and up to x/xR = 0.5, the vorticity sheet 
develops smoothly and shows only a small distortion. Spanwise vorticity structures are 
seen in the region from x/xR = 0.5 to x/xR = 1. Beyond the mean reattachment line, these 
structures vanish due to their breakdown into smaller structures within the reattached 
turbulent boundary layer.  
For 3D_case2, a plane spanwise vorticity sheet appears which seems to be smooth and 
uniform in the region that extends from the geometry leading edge to x/xR = 0.2, where 
the unsteadiness in the free shear layer starts as shown in Fig. 7.49. Violent three-
dimensional motions of the flow occur at around x/xR = 0.4. Further downstream and up 
to the mean reattachment line, large-scale vorticity structures begin to appear. 
Downstream from the mean reattachment line, spanwise vorticity structures disappear 
gradually up to x/xR = 1.5, indicating their breakdown into smaller turbulent structures. 
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Fig. 7-47. Spanwise vorticity isosurface at sequential times (every 250 time steps) for the flat plate with 
FST 
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Fig. 7-48. Spanwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case1 with FST 
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Fig. 7-49. Spanwise vorticity isosurface at sequential times (every 250 time steps) for 3D_case2 with FST 
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7.3.3 Q-criterion isosurface 
In spite of the low pressure isosurface and vorticity field isosurface showing the existing 
coherent structures in the transitional separated-reattached flow with FST in this study, 
the clarity of the coherent structures is not well presented by these techniques. In the low 
pressure isosurface, in particular, there are only distorted Kelvin-Helmholtz rolls and 
hairpin structures, while in the vorticity magnitude isosurface, there are only hairpin 
structures and their breakdown are presented. Unfortunately, there is no any indication to 
formation and development of coherent structures by these two techniques with FST.  
For the current geometries, the Q-criterion isosurface still represents the best flow 
visualization scheme of the current three schemes considered here, even with FST as 
shown below. In the Q-criterion isosurface, both Kelvin-Helmholtz rolls and hairpin 
structures are clearly represented, and the transfer process from a two-dimensional to 
three-dimensional nature is also clearly observed.  
For the flat plate, a number of Q-criterion isosurfaces captured every 250 time steps are 
shown in Fig. 7-50. Kelvin-Helmholtz rolls are clearly seen in the first half of the 
separation bubble, where it may be noted that these rolls are not quite straight; they are 
subjected to a distortion arising from the high intensity of the free stream turbulence, 
unlike that presented with NFST. For NFST, Kelvin-Helmholtz rolls are completely 
parallel to the spanwise axis when they shed from the separated layer. However, the 
presence of Kelvin-Helmholtz rolls in the separation bubble with FST confirms the idea 
that the primary instability mechanism in the free shear layer is the Kelvin-Helmholtz 
instability as presented in Chapter 5. 
Around x/xR = 0.5, the direct breakdown of Kelvin-Helmholtz rolls into hairpin structures 
occurs as shown in Fig. 7-50. The hairpin structures move downstream and shed into the 
reattached turbulent boundary layer. It can be seen that some of hairpin structures are still 
present within the reattached turbulent boundary layer up to x/xR = 1.5. Further 
downstream, the hairpin structures completely disappear due to their breakdown into 
smaller structures. 
It can be concluded that with a 3.7% intensity of free stream turbulence for the flat plate, 
coherent structure development stages are as follows: 
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 Formation of Kelvin-Helmholtz rolls that shed from the separated layer. 
 Direct breakdown of these rolls to form hairpin structures around x/xR = 0.5. 
 Shedding of hairpin structures into the reattached turbulent boundary layer. 
 Hairpin structures move a certain distance up to x/xR = 1.5 before their total 
disintegration. 
There is no merging of Kelvin-Helmholtz rolls here, thus, it leads to reduce the transition 
stages, in terms of length and time, and enhancs the transformation to turbulence.  
 
 
 
Caption for these figures is on the following page 
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Fig. 7-50. Q-criterion isosurface at sequential times (every 250 time steps) for the flat plate with FST 
 
It can be seen that the distortion intensity in the Kelvin-Helmholtz rolls that are shed from 
the separated layer in 3D_case1 is lower than that for the flat plate as shown in Fig. 7-51 
which presents sequential Q-criterion isosurfaces taken every 250 time steps. However, 
the spanwise motion in the Kelvin-Helmholtz rolls for 3D_case1 can be still observed.  
The existence of the Kelvin-Helmholtz rolls in 3D_case1 indicates that under the 
influence of a 3.7% intensity of free stream turbulence, the primary instability mechanism 
in the separation bubble for this geometry is the Kelvin-Helmholtz mechanism as 
discussed in Chapter 5.  
In 3D_case1, the Kelvin-Helmholtz rolls move downstream, after which it seems that 
they develop topologically to form hairpin structures in the second half of the separation 
bubble as shown in Fig. 7-51. However, the clarity of this development process is lower 
than that presented in Section 7.2.3 for NFST. Despite the low clarity of the development 
of the coherent structures, inspection of Q-criterion isosurfaces presented in Figs. 7-51f - 
7-51i can confirm the topological evolution of the coherent structures from Kelvin-
Helmholtz rolls to hairpin structures. 
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The last stage of coherent structure development occurs after their shedding into 
reattached turbulent boundary layer in the region between x/xR = 1 and x/xR = 2. In this 
region, the hairpin structures lose their coherency by breaking down into smaller turbulent 
structures as shown in Fig. 7-51. 
In general, despite the coherent structures and the clarity of their development with NFST 
being smoother than that presented here, the stages of development of the transition 
structures with NFST and FST are similar, i.e., the topological evolution of Kelvin-
Helmholtz rolls into hairpin structures.  
The development of coherent structures from the formation of Kelvin-Helmholtz rolls to 
the breakdown of the hairpin structures into smaller turbulent structures is similar whether 
it takes place on the top or side surface of 3D_case1 as shown in Fig. 7-52. The presence 
of a twisting structure around this geometry with FST is also observed, which is similar 
to that presented for NFST. 
After breakdown of a rectangular ring structure into four Kelvin-Helmholtz rolls, each 
roll develops topologically on each surface of 3D_case1, forming a hairpin structure in 
the second half of the separation bubble as shown in the sequential snapshots of the Q-
criterion that are presented in Figs. 7-52d - 7-52g. Further downstream, the disappearance 
of the hairpin structure on each surface is complete at about x/xR = 2 due to their 
disintegration into smaller turbulent structures as shown in Fig. 7-52. 
In general, it can be seen that there is a similarity in the development of the coherent 
structures for 3D_case2 with NFST, as presented in Section 7.2.3, and with FST, as 
presented here. For both cases, the coherent structure development is a topological 
evolution of a Kelvin-Helmholtz roll to a hairpin structure.  
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Fig. 7-51. Q-criterion isosurface at sequential times (every 250 time steps) for 3D_case1 with FST 
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Fig. 7-52. Q-criterion isosurface on the top and side surfaces at sequential times (every 250 time steps) for 
3D_case1 with FST 
 
With FST, Q-criterion isosurfaces for 3D_case2, as taken every 250 time steps, are 
exhibited in Fig. 7-53. It is clearly seen that Kelvin-Helmholtz rolls form downstream of 
the location at which the unsteadiness starts at x/xR = 0.2. This is the first stage of the 
formation and development of coherent structures in this geometry. Despite this stage 
also occurring with NFST, the difference between the two flow cases is the nature of the 
Kelvin-Helmholtz roll itself. This roll seems to be smooth and straight with NFST, while 
it is wavy with FST. This waviness, which is associated with the spanwise motion in a 
Kelvin-Helmholtz roll, is indeed a consequence of the presence of elevated intensity of 
the free stream turbulence. However, the existence of Kelvin-Helmholtz rolls in the 
separated layer indicates the transition in 3D_case2 is driven by the Kelvin-Helmholtz 
instability mechanism. This is considered as further confirmation to the discussion 
presented in Chapter 5. 
After the formation of Kelvin-Helmholtz rolls and their shedding from the separated 
layer, they move a certain distance downstream and directly break down into a set of 
hairpin structures in the second half of the separation bubble as shown in Fig. 7-53. New 
hairpin structures shed to reattached turbulent boundary layer and vanish at about x/xR= 
1.5 due to their breakdown into smaller turbulent structures, indicating a delay in the 
recovery of the turbulent boundary layer. 
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Overall, the development of coherent structures with FST for 3D_case2 presented above 
is similar to that with NFST with just one difference, which is the nature of Kelvin-
Helmholtz rolls. 
In order to see if there are any similarities or differences in the evolution of the flow 
structures with FST on the top and side surfaces of 3D_case2, a number of Q-criterion 
isosurfaces at the top and side surfaces of this geometry, taken at the same times as those 
shown in Fig. 7-53, are illustrated in Fig. 7-54. As presented with NFST, the coherent 
structure also starts here with a twisting nature and breaks down into four Kelvin-
Helmholtz rolls on each surface as shown in Figs. 7-54a and 7-54b. Further downstream, 
the Kelvin-Helmholtz roll on the side surface of 3D_case2 seems to develop topologically 
to form a hairpin structure in the second half of the separation bubble. However, the side 
surface hairpin structure is not clearly exhibited in Fig. 7-54. Hence, the Q-criterion 
isosurface for 3D_case2 is presented for another time period in Fig. 7-55.  
Three structures referred to as A, B and C are identified on the side surface of 3D_case2 
to illustrate the development of coherent structures on this surface as presented in Fig. 7-
55. The Kelvin-Helmholtz roll on this surface develops topologically to form a hairpin 
structure that sheds to the reattached turbulent boundary layer and disintegrates there. 
Therefore, it can be concluded that there is a similarity in coherent structure development 
around 3D_case2 whether the flow condition shows high or low intensity of free stream 
turbulence. 
In general, the evolution of coherent structures from the Kelvin-Helmholtz rolls to the 
hairpin structures with NFST and FST for 3D_case2 is different on the top and side 
surfaces of this geometry. On the top surface, the direct breakdown of the Kelvin-
Helmholtz rolls to the hairpin structures is observed, while on the side surface, a Kelvin-
Helmholtz roll develops topologically to form a hairpin structure.  
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Fig. 7-53. Q-criterion isosurface at sequential times (every 250 time steps) for 3D_case2 with FST 
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Fig. 7-54. Q-criterion isosurface on the top and side surfaces at sequential times (every 250 time steps) for 
3D_case2 with FST (period I) 
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Fig. 7-55. Q-criterion isosurface on the top and side surfaces at sequential times (every 250 time steps) for 
3D_case2 with FST (period II) 
 
7.4 Summary  
Three flow visualization methods are performed in the current study to shed light on the 
development of coherent structures and to determine if there are any similarities and 
differences through the transitional separated-reattached flow over all geometries with 
NFST and FST. These methods are the low pressure isosurface, vorticity field isosurface, 
and Q-criterion isosurface. Employing these methods shows that they can capture all, or 
at least some, of the coherent structure development stages with varying degrees of 
clarity. 
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In general, the time and distance for the transition in the flat plate are longer than those 
in other two geometries, leading to the formation of a longer separation bubble on the flat 
plate.  
With NFST, the stages of coherent structures development for the flat plate are: shedding 
of Kelvin-Helmholtz rolls downstream from the plate leading edge; increasing in size of 
these rolls as they move downstream; merging of two Kelvin-Helmholtz structures by 
winding around each other to form a new large structure which keeps its two-dimensional 
nature; breaking down of the new structure into a large number of hairpin structures 
around the mean reattachment line; shedding of these streamwise structures to the 
reattached turbulent boundary layer; and disintegrating of hairpin structures into smaller 
structures further downstream. 
In the presence of a 3.7% intensity of free stream turbulence, similar development of 
coherent structures is observed to that described above, with the exception of the stage in 
which the two Kelvin-Helmholtz rolls merge, where with FST this process is absent. In 
addition, the Kelvin-Helmholtz rolls’ axis is not entirely parallel to the spanwise direction 
with FST, where a waviness in these rolls is seen.    
Different stages of the development of coherent structures are revealed for both three-
dimensional geometries. In addition, it is found that the aspect ratio of the three-
dimensional geometry influences the coherent structures development.  
For 3D_case1 with NFST, after the shedding of Kelvin-Helmholtz rolls from the 
separation bubble, these rolls grow as they move downstream. It is observed that these 
rolls develop topologically to form three-dimensional hairpin structures around the mean 
reattachment line. Further downstream, the breakdown of streamwise structures within 
the reattached turbulent boundary layer takes place more rapidly than that is observed for 
other two geometries. No merging of structures is revealed for this geometry.  
Similar development to the above coherent structures is captured on both the top and side 
surfaces of 3D_case1. 
Under the influence of the current elevated levels of intensity of free stream turbulence, 
there is just one difference in the coherent structures development stages which is related 
to the nature of the Kelvin-Helmholtz rolls after shedding from the separated layer. With 
Chapter Seven                                                                                                 Development of Coherent Structures  
 
410 
 
FST, it can be seen that Kelvin-Helmholtz rolls undergo a degree of distortion in the 
spanwise direction. 
For 3D_case2 with NFST, the vortex merging process of structures does not represent 
one of the stages of coherent structures development. The current LES results show that 
first type of coherent structures to appear on the top surface of 3D_case2 are spanwise 
Kelvin-Helmholtz structures shed from the separated layer. These structures move 
downstream and enlarge. Downstream of x/xR = 0.7, breakdown of these rolls occurs, 
leading to the formation of a set of hairpin structures. These three-dimensional structures 
survive up to x/xR = 1.5. Further downstream, the hairpin structures disintegrate into 
smaller turbulent structures.  
The coherent structures development on the side surface of 3D_case2 is different from 
that on the top surface of this geometry. There is no breakdown of the Kelvin-Helmholtz 
rolls on the side surface of 3D_case2, where it can be observed that Kelvin-Helmholtz 
rolls develop topologically to form hairpin structures. 
Similarly, the evolution of coherent structures in 3D_case2 that is presented with NFST 
is observed with FST apart from a distortion (waviness) that is dominant for the Kelvin-
Helmholtz rolls in the first stages of the transition with FST.  
It can be concluded that the aspect ratio of the three-dimensional geometry affects the 
coherent structures development on the top and side surfaces of this geometry. With an 
aspect ratio value of 1, there is no difference in coherent structure development on either 
the top or the side surface. With an aspect ratio value of 2, however, there is a difference 
between coherent structure development on the top and side surfaces as presented in this 
chapter.  
Flow visualization of the current study indicates a twisting structure at the early stage of 
the transition over both 3D_case1 and 3D_case2 for both NFST and FST. This structure 
breaks down quickly into four Kelvin-Helmholtz rolls on each surface of these 
geometries. This breakdown process is believed to be the reason for the reduced ability 
of the Kelvin-Helmholtz structures to pair around each other in the three-dimensional 
geometries.       
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Chapter Eight 
            Turbulent Boundary Layer Development 
 
8.1 Introduction  
It is clear from the literature review in Chapter 2, the distance for the recovery of the 
reattached turbulent boundary layer is quite long, but the slowness of its development is 
quite independent of the nature of the separated flow, where this phenomenon is common 
with laminar and turbulent separated flows. Moreover, there is no impact of elevated 
intensity of free stream turbulence on enhancing the recovery of the reattached turbulent 
boundary layer. 
It is worth pointing out that the limited length of the numerical computational box in the 
present study prevents the identification of the exact distance to reach the canonical form 
of reattached turbulent boundary layer for all geometries. The main target of the current 
study is to simulate numerical transitional separated-reattached flow over two and three-
dimensional geometries to compare with transition physics. Therefore, the choice of 
dimensions of the numerical computational box here is purely to focus on the transition 
flow, not on the distance of reattached turbulent boundary layer recovery.  
The purpose of this chapter is to reveal if there is any effect of the nature of the geometry, 
if it is two- or three-dimensional, on the development of the reattached turbulent boundary 
layer within a limited distance.  
8.2 Boundary layer development after the reattachment for NFST 
In order to investigate the development of the reattached turbulent boundary layer in the 
geometries used in the current study with NFST, a distance of 10D starting from the mean 
reattachment line is chosen as the inspection region for the turbulent boundary layer 
recovery. This region is divided into four equal distances to involve four inspection 
stations where, at each station, the profile of the mean streamwise velocity is plotted to 
check its approach to the log-law profile. Locations of inspection stations are detailed in 
Tables 8-1 for the flat plate, 8-2 for 3D_case1 and 8-3 for 3D_case2.  
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It should be noted that the inspection distance for the reattached turbulent boundary layer 
development is chosen to be just x/D = 10 because of the limited length of the 
computational box used in the present study. The inspection distance for the flat plate 
ends at x/D = 16, which is a point close to the outflow boundary of the computational 
domain. However, for the three-dimensional geometries, it is possible to choose an 
inspection distance that is longer than x/D = 10 due to the shorter separation bubble mean 
length compared with that in the flat plate. The main purpose of the present study is to 
compare flow behaviours among the chosen geometries. Therefore, the inspection 
distance (x/D = 10) is the same for all geometries.  
 
location 1 (L1) location 2 (L2) location 3 (L3) location 4 (L4) 
x/D =8.5 x/D =11 x/D =13.5 x/D =16 
x/xR =1.416 x/xR =1.833 x/xR =2.25 x/xR =2.666 
 
Table 8-1. Positions of the inspection stations for the flat plate with NFST  
 
location 1 (L1) location 2 (L2) location 3 (L3) location 4 (L4) 
x/D =5.9 x/D =8.4 x/D =10.9 x/D =13.4 
x/xR =1.735 x/xR =2.470 x/xR =3.205 x/xR =3.941 
 
Table 8-2. Positions of the inspection stations for 3D_case1 with NFST 
 
location 1 (L1) location 2 (L2) location 3 (L3) location 4 (L4) 
x/D =6.45 x/D =8.95 x/D =11.45 x/D =13.95 
x/xR =1.632 x/xR =2.265 x/xR =2.898 x/xR =3.531 
 
Table 8-3. Positions of the inspection stations for 3D_case2 with NFST 
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The mean streamwise velocity profiles in the wall units (u+ = Um/ uτ) at each inspection 
station are compared with the log-law profile as shown in Figs 8-1, 8-2 and 8-3 for the 
flat plate, 3D_case1 and 3D_case2, respectively. For all geometries used in the current 
study, it is clearly seen that the velocity profiles of the turbulent boundary layer show the 
slowness of the boundary layer development process, where these profiles do not quite 
establish the log-law profile.  
However, it can be seen that the velocity profiles of the reattached turbulent boundary 
layer in 3D_case1 are more uniform than that for other two geometries. This is clearly 
shown in Fig. 8-2, where a dip in streamwise velocity profile below the standard log-law 
does not appear as strongly as for other geometries. This confirms the flow visualizations 
shown in Chapter 7, where the breakdown of the large coherent structures into small 
turbulent structures in 3D_case1 is faster than that for other two geometries. 
In general, the mean streamwise velocity profiles for all geometries are consistent with 
the fact that the reattached turbulent boundary layer takes a quite long distance to re-
establish. In addition, the current study demonstrates that there is no effect due to the 
nature of the geometries, if it is two- or three-dimensional, with regards to this 
phenomenon.   
 
Fig. 8-1. The mean streamwise velocity profiles for the developed boundary layer after reattachment at 
various streamwise locations for the flat plate with NFST 
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Fig. 8-2. The mean streamwise velocity profiles for the developed boundary layer after reattachment at 
various streamwise locations for 3D_case1 with NFST 
 
 
Fig. 8-3. The mean streamwise velocity profiles for the developed boundary layer after reattachment at 
various streamwise locations for 3D_case2 with NFST 
 
It should be noted that in the current study, the standard log law is defined by Nichols: 
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                              𝑢+ = {
𝑦+                                                   0 < 𝑦+ < 5
5 𝑙𝑛(𝑦+) − 3.05                             5 < 𝑦+ < 30
     
1
𝑘
 𝑙𝑛(𝑦+) + 5.5                          30 < 𝑦+ < 1000
                           (8-1) 
where k is the von Karmen constant taken as 0.4.  
In order to present further evidence to show the slowness of the re-establishment of the 
turbulent boundary layer after the reattachment in all geometries studied here, the Clauser 
parameter (G) can be employed. This parameter predicts the distance of the boundary 
layer equilibrium, where it is reported that the expected equilibrium value of the Clauser 
parameter is 6.8 (Alam and Sandham, 2000). 
The Clauser parameter profiles for all geometries are shown in Fig. 8-4 for the flat plate, 
Fig. 8-5 for 3D_case1 and Fig. 8-6 for 3D_case2, respectively. This parameter is plotted 
as a function of (x-xR)/hR, where hR is the boundary layer thickness on the mean 
reattachment line. The Clauser parameter is defined as: 
                                                       𝐺 = (
𝐻−1
𝐻
) √
2
𝐶𝑓
                                                      (8-2) 
where H is the shape factor, which is taken as 1.3, and Cf is the skin fraction coefficient 
calculated in equation (4-2). 
 
Fig. 8-4. The Clauser parameter profile for the flat plate with NFST 
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Fig. 8-5. The Clauser parameter profile for 3D_case1 with NFST 
 
Fig. 8-6. The Clauser parameter profile for 3D_case2 with NFST 
 
As can be seen for all geometries, the Clauser parameter value at the end of the inspection 
region does not match the standard value of this parameter (G = 6.8). The simulation 
results show that the Clauser parameter value at the end of the inspection region is 4.918 
for the flat plate, 4.871 for 3D_case1 and 5.484 for 3D_case2. 
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However, the Clauser parameter magnitude in 3D_case2, as shown in Fig. 8-6, is closer 
to the standard value of this parameter. This may refer to the recovery distance of the 
turbulent boundary layer for 3D_case2, which may be shorter. However, this is not a 
guarantee that one can conclude this, because the Clauser parameter value for 3D_case2 
does not match the standard value (G = 6.8). Therefore, the length of the numerical 
computational box must be much longer than that selected in the present study to achieve 
the standard value of the Clauser parameter and find which of the current geometries will 
establish the recovered turbulent boundary layer first. 
8.3 Boundary layer development after the reattachment for FST 
To determine if there is an enhancement of the re-establishment of the turbulent boundary 
layer after reattachment in the presence of an elevated intensity of free stream turbulence, 
two investigative methods, which are similar to those used with NFST in Section 8.2, are 
performed here.  
In the present study, an inspection distance, which is between the mean reattachment line 
and a point at xR + 10, is chosen. This inspection distance is divided into four spaces 
corresponding to four inspection locations after the mean reattachment line. Inspection 
locations are detailed in Tables 8-4, 8-5 and 8-6 for the flat plate, 3D_case1 and 
3D_case2, respectively.  
location 1 (L1) location 2 (L2) location 3 (L3) location 4 (L4) 
x/D =6.7 x/D =9.2 x/D =11.7 x/D =14.2 
x/xR =1.595 x/xR =2.19 x/xR =2.785 x/xR =3.38 
 
Table 8-4. Positions of the inspection stations for the flat plate with FST  
 
location 1 (L1) location 2 (L2) location 3 (L3) location 4 (L4) 
x/D =5 x/D =7.5 x/D =10 x/D =12.5 
x/xR =2 x/xR =3 x/xR =4 x/xR =5 
 
Table 8-5. Positions of the inspection stations for 3D_case1 with FST 
 
Chapter Eight                                                                                            Turbulent Boundary Layer Development 
 
418 
 
location 1 (L1) location 2 (L2) location 3 (L3) location 4 (L4) 
x/D =5.6 x/D =8.1 x/D =10.6 x/D =13.1 
x/xR =1.417 x/xR =2.05 x/xR =2.683 x/xR =3.316 
 
Table 8-6. Positions of the inspection stations for 3D_case2 with FST 
 
The mean streamwise velocity profiles with FST for all geometries used in the current 
study show similar behaviour to the reattached turbulent boundary layer for the NFST 
case regarding the recovery of reattached turbulent boundary layer. Despite the presence 
of free stream turbulence with an intensity of 3.7%, profiles of the mean streamwise 
velocity at all inspection stations in all geometries are still below the standard log-law 
profile, as shown in Fig. 8-7 for the flat plate, Fig. 8-8 for 3D_case1 and Fig. 8-9 for 
3D_case2. It is clearly seen that the velocity profiles at the selected inspection stations 
approach the log-law profile when moving downstream. This indicates that the re-
establishment of the turbulent boundary layer takes place at a distance that is longer than 
the distance of the current inspection. 
 
 
Fig. 8-7. The mean streamwise velocity profiles for the developed boundary layer after reattachment at 
various streamwise locations for the flat plate with FST 
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Fig. 8-8. The mean streamwise velocity profiles for the developed boundary layer after reattachment at 
various streamwise locations for 3D_case1 with FST 
 
 
Fig. 8-9. The mean streamwise velocity profiles for the developed boundary layer after reattachment at 
various streamwise locations for 3D_case2 with FST 
 
The Clauser parameter profiles as a function of (x-xR)/hR with FST and NFST are plotted 
in Fig. 8-10 for the flat plat, Fig. 8-11 for 3D_case1 and Fig. 8-12 for 3D_case2. It is 
clearly seen that there are inconsiderable differences between the Clauser parameter value 
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when using FST and NFST, indicating that there is no effect due to the presence of an 
elevated intensity of free stream turbulence on the development of turbulent boundary 
layer after the reattachment, where the Clauser parameter value with FST is lower than 
the standard value (G = 6.8).  
Due to an intensity of 3.7% for the free stream turbulence, the Clauser parameter value at 
end of the inspection distance increases from 4.918 to 4.986 for the flat plate, from 4.871 
to 4.923 for 3D_case1 and from 5.484 to 5.49 for 3D_case2. This phenomenon is 
consistent with the results found in transitional separated-reattached flow on a blunt flat 
plate by Castro and Epik (1996, 1998), where they reported there was no effect due to 
increasing the intensity of the free stream turbulence on the Clauser parameter value.  
It can be concluded that even with an elevated intensity of free stream turbulence, the 
recovery distance of the reattached turbulent boundary layer is still long, regardless of 
whether the geometry is two- or three-dimensional.  
In general, the current simulation results show that the change in nature of the geometry 
that can be associated with an increase in the intensity of the free stream turbulence does 
not significantly affect the development of the reattached turbulent boundary layer. 
 
 
Fig. 8-10. The Clauser parameter profile for the flat plate. With FST: solid line; with NFST: dashed line 
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Fig. 8-11. The Clauser parameter profile for 3D_case1. With FST: solid line; with NFST: dashed line 
 
 
Fig. 8-12. The Clauser parameter profile for 3D_case2. With FST: solid line; with NFST: dashed line 
 
8.4 Summary  
As shown in this chapter, the re-establishment of the turbulent boundary layer after the 
reattachment for the current geometries takes place over a long distance. The length of 
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the numerical competition box in the present study is considerably shorter than the length 
necessary to show the recovery of the turbulent boundary layer after the reattachment 
presented in the literature. The issue remains unclear for any of the current geometries in 
which the reattached turbulent boundary layers would be re-established first. Two 
methods are used here to answer this issue: the log-law profile and the Clauser parameter 
value.    
For both NFST and FST cases, the comparison between the mean streamwise velocity 
profiles and the log-law profile indicates that the recovery of the reattached turbulent 
boundary layer in 3D_case1 may be faster than that in other geometries due to 
disappearance of a dip in the velocity profiles. On the other hand, the Clauser parameter 
profile for 3D_case2 shows that reattached turbulent boundary layer may re-establish first 
due to the value of the Clauser parameter in this geometry being closer to the standard 
value than those for other geometries. However, the limited length of the numerical 
computation box prevents the direct determination in which geometry the re-
establishment of the reattached turbulent boundary layer occurs first. 
In general, the current study shows that there is no influence due to the nature of 
geometries, whether it is two or three-dimensional, or whether there is an elevated 
intensity of free stream turbulence, in terms of enhancing the re-establishment  of the 
turbulent boundary layer after reattachment.  
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Chapter Nine 
              Conclusion and Recommendation 
9.1 Conclusion 
The properties of a transitional separated-reattached flow over six case studies have been 
investigated in this thesis by employing three geometrical shapes with two disturbance 
levels in the incoming flows. The geometries are a blunt flat plate (with an infinity aspect 
ratio) and two three-dimensional geometries characterized by two different aspect ratios 
(1 and 2). Low level of intensity of free stream turbulence (< 0.2%) and high level of 
intensity of free stream turbulence (3.7%) are applied in the current study. The numerical 
simulations are carried out by the commercial OF tool box employing LES with the 
dynamic localization SGS. 
The good agreement obtained from the comparison among the current OF code results 
and the available experimental data and simulated results for the flat plate with NFST and 
FST is encouraging in terms of the simulation results obtained for transitional separated-
reattached flow over three-dimensional geometries. To the best of the author’s 
knowledge, there are no published results for separated-reattached flow over a three-
dimensional geometry. Therefore, the current study is the first to investigate such a flow 
with low and also high levels of intensity of free stream turbulence over three-dimensional 
geometries with different aspect ratios. 
The current study presents the following similarities and differences in the features of 
transitional separated-reattached flows:   
 With NFST, the separation bubble mean length is 6D for the flat plate which 
reduces to 3.95D for 3D_case2 and 3.4D for 3D_case1. This indicates that the 
separation on the flat plate is longer than that on the three-dimensional geometries. 
In addition, there is no strong effect associated with changing the aspect ratio of 
the three-dimensional geometry on the mean reattachment length. With FST, there 
is a reduction in the separation bubble mean length by about 30% for the flat plate, 
21.5% for 3D_case2, and 26.47% for 3D_case1. 
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 For the current geometries, the minimum negative value in the mean streamwise 
velocity profile is approximately identical for NFST and FST. The peak value in 
the Reynolds stresses for the flat plate is larger than that in the other two 
geometries by about 20%-25% with NFST and 30%-35% with FST. The Reynolds 
stresses profile peaks for 3D_case2 are slightly larger than those for 3D_case1 
with both NFST and FST.   
 In the current study, the elevated intensity of free stream turbulence enhances the 
transformation to turbulence by speeding up the transition, which moves 
upstream. This phenomenon is consistent with results found in the literature. 
 For all geometries with NFST and FST, there is no trace of the absolute instability, 
where the separation bubble is classified as convectively unstable. In addition, the 
transition in the free shear layer is driven by the inviscid Kelvin-Helmholtz 
instability, which is dominant as the primary instability mechanism. 
 To investigate existing frequency modes, spectral analyses is carried out 
employing Fourier transform and wavelet power transform methods. Fourier 
transform spectra show that the regular shedding frequency with NFST and FST 
for all geometries is in a good agreement with that documented in the literature 
for different two-dimensional geometries.  
 For the geometries studied here, it is found that the selective high shedding 
frequency mode is absent with NFST, however, this frequency mode clearly 
appears in frequency spectra with FST. 
 The inspection of Fourier transform spectra detects that there is no trace of any 
low frequency mode (shear layer flapping) for all geometries in the current study 
with NFST and FST.  
 The flow visualizations carried out for all case studies reveal the existence of 
Kelvin-Helmholtz rolls as the initial coherent structures of the transition. With 
NFST, these rolls are uniform and totally parallel to the spanwise axis. With FST, 
a spanwise waviness is clearly shown in the Kelvin-Helmholtz rolls. 
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 The transition in the flat plate is longer than that for the other geometries with 
both NFST and FST.  
 With NFST, the vortex pairing process represents one of the coherent structures 
development stages in the transition for the flat plate. However, this process is 
completely absent for other geometries. 
 There is no effect due to an elevated intensity of free stream turbulence on 
production of hairpin structures for all geometries, while the nature of the 
geometry was found to have a strong effect on formation of hairpin structures. In 
the flat plate, it is observed that hairpin structures are formed by the direct 
breakdown of Kelvin-Helmholtz rolls. In 3D_case1, the coherent structures 
development is similar on the top and side surfaces. Hairpin structures are formed 
by a topological evolution of a Kelvin-Helmholtz roll in 3D_case1. However, for 
3D_case2, the evolution of the coherent structures on the top surface is different 
from that on the side surface. On the top surface, there is a direct breakdown of 
the Kelvin-Helmholtz rolls into hairpin structures, and on the side surface, a 
topological evolution of the Kelvin-Helmholtz rolls to hairpin structures is a 
dominant factor. 
 Recovery of the reattached turbulent boundary layer is investigated employing 
two methods: the log law profile method and the Clauser parameter method. For 
all case studies, it is found that there is a delay in the reestablishment of the 
reattached turbulent boundary layer. It can be concluded that there is no effect on 
the development of the turbulent boundary layer after the reattachment due to the 
change of the geometry nature or the presence of an elevated intensity of free 
stream turbulence. 
9.2 Recommendation 
The following suggestions are recommended as a scope for further research: 
 Investigate the secondary instability mechanism that associates with the transition 
later stages and leads to breakdown of the primary coherent structures for all case 
studies. 
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 Shed a light on the process that takes place after the secondary instability and 
leads to breakdown of three-dimensional structures into smaller structure in the 
reattached turbulent boundary layer for all case studies. 
 Employ a higher intensity of free stream turbulence than that used in the current 
study to identify the threshold at which a bypassed transition occurs. 
 Increase the length of the numerical computation box to identify for in any given 
case study which reattached turbulent boundary layer will recover first.  
 Select further case studies by choosing more values of the aspect ratio of the three-
dimensional geometries to investigate their effects on the characteristics of 
transitional separated-reattached flow, in particular, the evolution of the coherent 
structures.  
 Clarify if there is a relationship between increase of the intensity of free stream 
turbulence and change of aspect ratio of the three-dimensional geometries on the 
characteristics of transitional separated-reattached flow. 
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